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Exploiting differential effects of actomyosin 
contractility to control cell sorting among breast 
cancer cells

ABSTRACT  In order to gain a greater understanding of the factors that drive spatial organi-
zation in multicellular aggregates of cancer cells, we investigate the segregation patterns of 
6 breast cell lines of varying degree of mesenchymal character during formation of mixed 
aggregates. Cell sorting is considered in the context of available adhesion proteins and cel-
lular contractility. It is found that the primary compaction mediator (cadherins or integrins) for 
a given cell type in isolation plays an important role in compaction speed, which in turn is the 
major factor dictating preference for interior or exterior position within mixed aggregates. In 
particular, cadherin-deficient, invasion-competent cells tend to position towards the outside 
of aggregates, facilitating access to extracellular matrix. Reducing actomyosin contractility is 
found to have a differential effect on spheroid formation depending on compaction mecha-
nism. Inhibition of contractility has a significant stabilizing effect on cell-cell adhesions in inte-
grin-driven aggregation and a mildly destabilizing effect in cadherin-based aggregation. This 
differential response is exploited to statically control aggregate organization and dynami-
cally rearrange cells in pre-formed aggregates. Sequestration of invasive cells in the interior 
of spheroids provides a physical barrier that reduces invasion in three-dimensional culture, 
revealing a potential strategy for containment of invasive cell types.

INTRODUCTION
Cell segregation and compartmentalization are important phenom-
ena critical for normal development and cellular function (Garcia-
Bellido et al., 1973; Dahmann et al., 2011; Cochet-Escartin et al., 
2017). These processes have been studied by biologists and physi-
cists alike, with a particular focus on model systems. In these sys-
tems, the differential adhesion hypothesis, first proposed by Stein-
berg, has been employed to explain sorting (Steinberg, 1962, 1963). 

This hypothesis proposes that cells destined for different tissues 
behave as immiscible Newtonian fluids, explore the energy land-
scape, and reach a minimum energy configuration. Each tissue has 
a characteristic tissue surface tension, and tissues with higher sur-
face tension are enveloped by those with lower surface tension 
(Foty et  al., 1996). Evidence supporting the differential adhesion 
hypothesis has been observed in a wide array of biological systems 
(Technau and Holstein, 1992; Beysens et al., 2000; Foty and Stein-
berg, 2005; Bécam and Huynh, 2007).

While the tenets of the differential adhesion hypothesis and con-
cept of tissue surface tension have long been viewed as useful prin-
ciples in cellular organization, their molecular bases have been 
debated. It was first suggested that observed sorting was due to 
differences in cell adhesion proteins, namely cadherins. Greater 
density of available cadherins results in a higher tissue surface ten-
sion and more “adhesive” tissue (Steinberg, 2007). Later formula-
tions of this theory suggested that actomyosin contractility should 
also be considered as a driver of the development of tissue surface 
tension (Harris, 1976; Krieg et  al., 2008). Experimental evidence 
showing that cells with high cortical tension tended to be enveloped 
by those with lower cortical tension supported the notion that 
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differential cortex tension alone could drive sorting (Krieg et  al., 
2008). A more modern view of the differential adhesion hypothesis 
takes an integrated and dynamic view of the roles of cell adhesion 
and cortex tension, considering cadherin bonding between contact-
ing cells in combination with down-regulation of cortical tension as 
important for cell–cell adhesion and redistribution of tension from 
individual cells to tissue boundaries (Manning et al., 2010; Amack 
and Manning, 2012).

While the differential adhesion hypothesis and its variations were 
originally used to explain sorting during development, recent at-
tempts have been made to apply it to cancer cells (Pawlizak et al., 
2015). Given the spatiotemporal heterogeneity of cells in cancerous 
masses, cell spatial organization, including sorting and segregation, 
may play a role in tumor progression (Foty and Steinberg, 2004). 
Indeed, a diverse population of cells exist in and around solid tu-
mors, and the position of particular clonal and subclonal popula-
tions could have implications for whether malignant cells in a solid 
tumor breach the tumor basement membrane and invade surround-
ing stroma.

In recent work, robust sorting was observed in breast cell lines at 
various points along the epithelial-to-mesenchymal transition (EMT) 
(Pawlizak et al., 2015). EMT is a key process through which noninva-
sive epithelial cells become invasion-competent. While EMT is a 
complex, multistep process, the simplest description of EMT in-
volves cell loss of the epithelial marker E-cadherin and increases in 
N-cadherin and vimentin expression. Broadly, the process results in 
the loss of cellular adhesions and changes in the cytoskeleton that 
lead to increases in cellular contractility and invasive potential (Pas-
tushenko and Blanpain, 2019). Loss of adhesivity allows cells to 
readily detach from tumors and enter the stromal environment. Up-
regulation of matrix metalloproteinases and Rho GTPase activity al-
lows such cells to effectively degrade, actively remodel, and squeeze 
through pores in the surrounding extracellular matrix (ECM) during 
invasion (Sahai, 2005).

In the heterogeneous tumor microenvironment, interactions oc-
cur between cells at different stages along the epithelial to mesen-
chymal continuum, with a variety of consequences. For example, 
the presence of mesenchymal cells in a mixture of epithelial and 
mesenchymal cells may “fluidize” epithelial cells that otherwise 
tend to exhibit solid-like behavior, allowing them to effectively spill 
out into the local environment (Bi et al., 2016; Gamboa Castro et al., 
2016; Atia et  al., 2018). Indeed, physical mechanisms underlying 
cancer invasion can be described through analogies with phase 
transitions (Malinverno et al., 2017; Oswald et al., 2017; Palamidessi 
et al., 2019). Moreover, invasion-competent, mesenchymal cells are 
known to lead otherwise poorly invasive, epithelial cells in a leader–
follower mode, with more invasive cells generating permissive paths 
in the surrounding ECM through which other cells follow (Gaggioli 
et al., 2007; Carey et al., 2013). Recent work has highlighted not 
only the importance of path generation by leader cells, but also that 
leader cells can physically pull follower cells through cadherin-based 
junctions (Labernadie et al., 2017). The observation of robust sorting 
among cancer cells and the diverse set of interactions between cells 
at different points along the EMT encourages further study of 
whether spatial organization and boundary formation are important 
in cancer.

Here, we use a spheroid tumor model to identify factors that 
dictate spatial organization in heterogeneous multicellular aggre-
gates, modulate these factors to control spatial organization in such 
aggregates, and explore the consequences of different spatial orga-
nizations within these aggregates on cell invasion. Six breast cell 
lines were chosen for this investigation: MDA-MB-231, MDA-

MB-468, MDA-MB-436, MDA-MB-157, ZR-75-1, and MCF-10A. This 
panel contains a subset of cell lines that have been used in a previ-
ous breast cancer sorting study as well as additional cell lines to fully 
explore the range of sorting behaviors adopted by cell lines at vari-
ous points along the EMT and with different degrees of overall ag-
gressiveness as reported by genetic and functional assays (Vant Veer 
et  al., 2002; Kenny et  al., 2007; Pawlizak et  al., 2015; Ziperstein 
et al., 2015). Cell lines were mixed in all 15 possible binary combina-
tions to construct a sorting hierarchy for preference for the outside 
of the aggregate, and we rationalize the sorting hierarchy via con-
sideration of spheroid compaction mechanisms, cell adhesion mole-
cules, and cell contractility. We show that sorting can be predicted 
by compaction speeds of cell lines in isolation, which in turn is dic-
tated by the presence of proteins involved in spheroid compaction 
and actomyosin contractility. Notably, actomyosin contractility plays 
different roles in cells using different modes of spheroid compac-
tion. Using this knowledge, inhibitors are employed to control cell 
organization in aggregates in a subset of the cell lines investigated, 
as well as in aggregates composed of MCF-10A cells and an onco-
genically transformed derivative thereof. Investigating the invasive 
properties of heterotypic spheroids with distinct spatial organiza-
tions reveals reciprocal interactions between invasive and noninva-
sive cells that depend on their initial position in the aggregate and 
shows that noninvasive cells restrain otherwise highly invasive cells 
in heterogeneous tumor models.

RESULTS
Cell sorting in binary aggregates
To investigate sorting behaviors in breast cancer, we chose a panel 
of cell lines displaying a variety of characteristics associated with 
overall aggressiveness and invasive capacity. The six cell lines em-
ployed and key characteristics thereof are shown in Table 1 (Vant 
Veer et al., 2002; Kenny et al., 2007; Kao et al., 2009; Chavez et al., 
2010; Subik et  al., 2010; Lehmann et  al., 2011; Ziperstein et  al., 
2015). Five of the cell lines are carcinomas, while one (MCF-10A) is 
benign and chosen to represent untransformed cells. Notably, cells 
range from more epithelial (MCF-10A, ZR-75-1) to more mesenchy-
mal (MDA-MB-436, MDA-MB-231) in character (Blick et al., 2008). It 
is of particular interest to explore the interactions between invasive 
and noninvasive cells, and so characteristics related to the invasive 
capacity of each cell line were considered (Table 1). Previously, gene 
expression profiles associated with invasive behavior of cancer cells 
were shown to be correlated with aggregate morphologies in three-
dimensional (3D) culture in reconstituted basement membrane ex-
tract (Kenny et al., 2007). Therefore, we chose cell lines spanning 
these morphological classes, with cell lines that form stellate aggre-
gates typically associated with invasive behavior and those that 
form grape-like and mass-like aggregates displaying less invasive 
behavior.

Because aggregate morphology is only indirectly correlated with 
invasive capacity, a set of functional assays were also employed. In 
previous work, a collagen invasion assay that assesses cell invasion 
from spheroids in 3D collagen I matrices was shown to be correlated 
with additional measures of cell line aggression, including positive 
results in a 70-gene assay that has been successfully used to identify 
patients with early-stage breast cancers who are at a high risk of 
metastasis (Vant Veer et al., 2002; Kao et al., 2009; Ziperstein et al., 
2015). Of the six cell lines investigated here, MDA-MB-231 and 
MDA-MB-468 are the only ones that invade appreciably in this col-
lagen invasion assay (Table 1; Supplemental Figure S1). To invade 
the collagen I–dominated stromal environment in vivo, breast can-
cer cells require both appropriate integrins for collagen attachment 
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(Figure 1, d and e), and correspondingly lower-frequency compo-
nents emerge in the analyzed images. This leads to an increase in 
blob size for cell mixtures that undergo appreciable demixing. The 
boundary ratio decreases concomitantly over the course of sorting 
as many small islands of a particular cell type, each with interfaces 
with cells of the other type, become fewer, larger groups of cells 
with smaller interfacial area.

Sorting behavior as described by these metrics is expected to 
follow power law behavior (Cochet-Escartin et al., 2017). Therefore, 
the values of blob size and boundary ratio as they evolved over time 
(Figure 1, f and g) were fitted to power laws, and the resulting fitting 
exponents were compared across sorting categories. Analysis re-
vealed blob size fitting exponents of 0.3 ± 0.1, 0.25 ± 0.08, and 0.06 
± 0.02 for spheroids categorized via visual observation as complete, 
partial, and mixed cases, respectively (mean ± SD). A similar trend 
was observed for boundary ratios, with fitting exponents of −0.6 ± 
0.3, −0.5 ± 0.2, and −0.1 ± 0.1, for complete, partial, and mixed sort-
ing. The exponents obtained here were similar to, although smaller 
than, previously published values, which is likely related to the fact 
that the cells investigated in this study demonstrate slower sorting 
than do cells during germ layer sorting. Blob size exponents did not 
indicate significant differences between sorting rates in cases of 
complete and partial sorting as judged by visual inspection, while 
boundary ratio exponents did (Figure 1, h and i). However, both blob 
size and boundary ratio exponents were found to be moderately 
strongly correlated among all sorting combinations, suggesting that 
they report on similar aspects of sorting dynamics (Supplemental 
Figure S5). Importantly, both blob size and boundary ratio expo-
nents showed a clear difference between sorting rates for complete/
partially sorted cases and mixed cases, demonstrating that this 
quantitative measure accurately reflects the qualitative assessments 
and can distinguish between cases that do or do not appreciably 
sort. Blob size and boundary ratio can also be used to determine 
degree of sorting via total change in blob size and boundary ratio for 
each sorting case. Again, significant differences were found between 
combinations that do and do not sort, as well as between complete 
and partially sorted cases (Figure 1, j and k).

From the data presented in Figure 1 and summarized in Table 2, 
the sorting hierarchy is ranked as MDA-MB-468 > MDA-MB-231 > 
MDA-MB-436 = ZR-75-1 > MDA-MB-157 > MCF-10A, with the cells 
sorting to the outside (complete or partially) of any cell line to its 
right except for the case of MDA-MB-436 and ZR-75-1, which result 
in mixed aggregates. MDA-MB-468 is included in the sorting 

Cell line Pathology
Aggregate 

morphologya,b Subtypeb,c,d,e

Receptor  
status  

(ER PR HER2)b,c
70 Gene 

signaturef

Collagen 
invasion 
capacity

Collagen 
contractile 
capacity

MDA-MB-231 Infiltrating ductal carcinoma Stellate Basal B — + ++ ++

MDA-MB-436 Infiltrating ductal carcinoma Stellate Basal B — + – –

MDA-MB-157 Infiltrating medullary carcinoma Stellate Basal B — – – ++

MDA-MB-468 Adenocarcinoma Grape-like Basal A — + + +

ZR-75-1 Infiltrating ductal carcinoma Mass Luminal A ++–/+– – – – +

MCF-10A Fibrocystic, benign Mass Basal B — – – –

Information on aggregate morphology from (a) Ziperstein et al., 2015, and (b) Kenny et al., 2007; subtype from (b) Kenny et al., 2007, (c) Lehmann et al., 2011, 
(d) Chavez et al., 2010, and (e) Subik et al., 2010; receptor status from (b) Kenny et al., 2007, and (c) Lehmann et al., 2011; and 70 gene signature from (f) Kao et al., 
2009. Information on collagen invasion capacity and collagen contractile capacity are provided in Supplemental Figure S1.

TABLE 1:  Cell line characteristics.

and sufficient actomyosin contractility to facilitate migration and as-
sociated matrix remodeling. While cellular contractility alone is not 
sufficient for invasion, it is necessary and common to invasive cell 
types (Ziperstein et al., 2015). Therefore, we also characterized the 
combination of presence of relevant integrins and cellular contractil-
ity via collagen I gel contraction assays (Table 1; Supplemental 
Figure S1). The two invasive cell lines as well as ZR-75-1 and MDA-
MB-157 were found to quite effectively contract the collagen I gels 
while MDA-MB-436 and MCF-10A display only weak collagen con-
tractile capacity.

To determine sorting behavior, cell lines were tagged with the 
fluorescent dyes CellTracker Green and CellTracker Orange and 
mixed 1:1 to create heterotypic aggregates intended to mimic the 
heterogeneous subpopulations of cancer cells within a solid tumor 
(Figure 1; Supplemental Figure S2). Before aggregate formation ex-
periments, dyes were tested in spheroid invasion and aggregate 
sorting assays, which showed that the dyes had no observable im-
pact on cell behavior and that dye transfer between cell lines was 
negligible (Supplemental Figure S3). For all cell line combinations, 
the sorting behavior was categorized by which cell line preferred the 
outside of the aggregate by visual inspection (Table 2). Sorted states 
were classified as complete, partial, or mixed, where complete cor-
responds to cells that sorted into two distinct populations, partial 
corresponds to a configuration where one type of cell is enveloped 
by the other but neither cell type coalesces into a single entity, and 
mixed corresponds to a case where no appreciable sorting occurs 
(Figure 1, a–c). Quantitative analysis was also undertaken to confirm 
the qualitative assessments.

We quantitatively analyzed images during and after sorting using 
a method described in Cochet-Escartin et al. (2017), which utilizes 
two metrics, blob size and the boundary ratio. Briefly, blob size is a 
measure of the size of the distinct spatial regions into which cells 
coalesce, a measure that has been used in theoretical descriptions 
of fluid phase separation (Fan et al., 2016), while boundary ratio re-
fers to the normalized length of the boundary between two distinct 
cell types. Images of the developing aggregates were taken every 
12–24 h over 2–3 d and then postprocessed to determine sorting 
metrics (Supplemental Figure S4). In initial images of cell mixtures, 
closely spaced, individually distinguishable single cells of alternat-
ing types (and, therefore, colors) are present. These small spatial 
domains are associated with high-frequency components in the 
Fourier transformed image, and therefore small blob size. As sorting 
progresses, cells of a particular type coalesce into larger aggregates 
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hierarchy, though we note that its behavior is distinct from that of 
other cell lines: while it sorts to the outside of most other cells, it is 
highly resistant to compaction, does not result in full sorting with 
any cell line, and results in a mixed aggregate when combined with 
MDA-MB-436 cells. Overall, the sorting hierarchy reveals that the 
more invasive, transformed cell lines display a preference for the 
outside of the aggregate, though we note that the sorting hierarchy 
is not fully correlated with any characteristic reported in Table 1.

Spheroid compaction mechanisms
Given that no factors summarized in Table 1 fully correlate with the 
sorting hierarchy, to identify factors that drive aggregate sorting, 
first, simple aggregation experiments were conducted for each cell 
line in isolation (Figure 2; Supplemental Figure S6). Cell lines exhib-
ited a wide range of compaction speeds and tightness of the final 
aggregates, and we categorized cell lines as loose aggregate form-
ers or spontaneous spheroid formers through visual inspection in 

FIGURE 1:  Representative coculture of sets of breast cell lines showing (a) complete sorting (MDA-MB-436 [yellow] and 
MCF-10A [magenta]), (b) partial sorting (MDA-MB-468 [green] and MCF-10A [magenta]), or (c) no sorting (mixed) 
(MDA-MB-436 [yellow] and ZR-75-1 [blue]) following 24 h in suspension culture. Final sorted states are shown for all cell 
line combinations in Supplemental Figure S2. (d) Time course demonstrating the sorting process for a completely sorted 
case (MDA-MB-436 [yellow] and MCF-10A [magenta]), with images taken at 2, 14, and 24 h. (e) Time course 
demonstrating the sorting process for a partially sorted case (MDA-MB-468 [green] and MCF-10A [magenta]), with 
images taken at 5, 8, and 24 h. (f, g) Evolution of (f) blob size and (g) boundary ratio over the course of the sorting 
process averaged over all combinations in each sorting category. Traces are depicted as black, red, and blue lines for 
complete sorting, partial sorting, and mixed cases, respectively. (h, i) Fitting exponents from (h) blob size and 
(i) boundary ratio exponents for all combinations, obtained by fitting traces shown in f and g. Change in (j) blob size and 
(k) boundary ratio over the entire sorting process for each combination. Scale bar = 200 µm. In h–k, ns indicates not 
significant, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. Significance was determined with a 
t test or Mann–Whitney test depending on the normality of data (see Materials and Methods for details, n = 2–3 for 
each combination).

MDA-MB-468 MDA-MB-231 MDA-MB-436 ZR-75-1 MDA-MB-157 MCF-10A

MDA-MB-468 –

MDA-MB-231 468a –

MDA-MB-436 Mix 231 –

ZR-75-1 468a 231a Mix –

MDA-MB-157 468a 231a 436 751a –

MCF-10A 468a 231 436 751 157 –

The cell line name in the table for each combination indicates the cell line with a preference for the outside of the aggregate. Cell line names within the table are 
abbreviated with the final three alphanumeric characters in their full names. 
aPartial sorting.

TABLE 2:  Sorting results for all cell line combinations.
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accordance with previous work (Ivascu and Kubbies, 2007). The key 
distinction is that in loose aggregate formers, individual cells can be 
distinguished even after compaction has proceeded for 72 h, while 
in spontaneous spheroid formers this is not the case (Supplemental 
Figure S6). Loose aggregate formers include MDA-MB-468, MDA-
MB-231, MDA-MB-436, and ZR-75-1. Among these cell lines, MDA-
MB-468 and MDA-MB-231 formed only loose, irregular aggregates 
even at long times, with MDA-MB-468 cells never evolving into a 
tighter aggregate than that present 2 h after plating. The behavior 
of MDA-MB-468 cells in isolation shows that these cells possess vir-
tually no adhesive character in suspension culture, consistent with 
their behavior in heterotypic aggregates, where these cells typically 
sort outside other cells but never coalesce with each other, as seen 
in Supplemental Figure S2. MDA-MB-436 and ZR-75-1 cells com-
pacted relatively rapidly into rather small aggregates, but single 
cells could be easily distinguished, and the aggregates remained 
irregularly shaped. Loose aggregate formers could be induced to 
form tightly packed, compact spheroids through supplementation 
of ECM components, such as basement membrane extract (BME) or 
collagen (Supplemental Figure S8), a common approach to making 
spheroids from such cell lines (Ivascu and Kubbies, 2006, 2007; 
Froehlich et al., 2016). Spontaneous spheroid formers, as the name 
implies, formed tight spheroids without the need for additional sup-
plementation. MCF-10A cells formed the most homogeneous 
spheroids: they were nearly perfectly spherical and displayed a 
smooth boundary with the surrounding media. MDA-MB-157 cells 
were comparably slow to compact but formed tight spheroids over 
the course of 48 h. To compare compaction speeds across cell 
types, the characteristic compaction time, τ, was obtained from ex-
ponential fits to the reduction in aggregate area over time (Supple-
mental Figure S7), and these are reported in Figure 2 for all cell lines 
except MDA-MB-468 and MDA-MB-231, which did not show mono-
tonically decreasing aggregate area over time. We find that charac-
teristic compaction times correlate with the sorting hierarchy; com-
paction speed dictates sorting preference of heterotypic aggregates 

FIGURE 2:  Aggregate compaction dynamics of representative cell lines. Representative 
transmitted light images of (a) MDA-MB-468, (b) ZR-75-1, and (c) MCF-10A at 2, 10, and 24 h in 
suspension culture. Representative images for all cell lines at 2, 10, 24, and 72 h are shown in 
Supplemental Figure S6. Scale bar in a is 200 μm and applies to all images. (d) Aggregate area 
(measured from a single confocal slice at the widest part of the aggregate) as a function of time 
for all cell lines over 72 h. Error bars represent SD (n = 3 for each cell line). For cells that compact 
well (MDA-MB-436, ZR-75-1, MDA-MB-157, and MCF-10A), the evolution of aggregate area was 
fitted to the form A*e(-t/τ) + c, and the characteristic compaction time in hours, τ, is reported in 
the legend. Supplemental Figure S7 shows best fits to the data. n/a is used for cell types that do 
not compact well and cannot be fitted to this form.

in coculture, and sorting appears to be 
driven by the aggregation of the more effi-
ciently compacting cell line (Supplemental 
Video S1).

To rationalize the sorting behaviors of 
these cell lines, we return to the differen-
tial adhesion hypothesis. Because the sim-
plest formulations of the differential adhe-
sion hypothesis focused on adhesion 
protein types and expression to explain 
cell sorting (Foty and Steinberg, 2005; 
Steinberg, 2007), we first considered the 
roles of cell adhesion proteins relevant to 
aggregate formation. Although cadherins 
are the traditional cell–cell adhesion pro-
teins, due to the aberrant cadherin ex-
pression observed in many cancers, addi-
tional proteins were considered. In 
previous work on breast cancer cell lines, 
compaction mechanisms were organized 
into three categories: β1 integrin, E-cad-
herin, or N-cadherin mediated (Ivascu and 
Kubbies, 2007). To test the importance of 
these proteins in aggregate formation in 
the cell lines investigated here, antibody 
inhibition, small interfering RNA (siRNA) 
knockout, and calcium depletion were 

used (Table 3; Supplemental Figure S8). For these studies, com-
paction was facilitated through the addition of BME to loose ag-
gregate formers to encourage spheroid formation on a timescale 
similar to spontaneous spheroid formers so that inhibitory effects 
could be clearly assessed. MDA-MB-468 cells were previously re-
ported to require dual β1 integrin and E-cadherin inhibition to 
disrupt spheroid formation, while inhibition of only one had no 
effect (Ivascu and Kubbies, 2007). However, we found that MDA-
MB-468, along with MDA-MB-231 and MDA-MB-436 cells, rely 
primarily on β1 integrin to mediate spheroid formation, as shown 
through β1 integrin antibody inhibition and siRNA knockdown, 
both of which clearly disrupted spheroid formation (Supplemen-
tal Figure S8). Although integrins are typically thought of as me-
diating cell–ECM contacts and not cell–cell contacts, there are 
reports of strong integrin-based cohesion in cells. Reportedly, 
integrin-based adhesions can even be stronger than cadherin-
based ones (Foty and Steinberg, 2004; Winklbauer, 2019). Spe-
cifically, α5β1 integrin has been shown to play a significant role in 
tissue cohesion through intercellular fibronectin adhesion 
(Robinson et al., 2004). In a β1 integrin–mediated spheroid for-
mation process, it has been proposed that spheroid formation 
occurs in three steps (Lin et al., 2006). First, integrins adhere to 
supplemental ECM intercalated between cells to create integrin–
ECM linkages. Following assembly of a loose aggregate, a delay 
period follows in which cadherins can be up-regulated and/or ac-
cumulate. This is followed by a compaction step mediated by 
cadherins that results in a tightly packed spheroid. In this type of 
compaction, ECM molecules act as physical linkers, and an ECM 
network can be seen within the spheroid. Indeed, we found plen-
tiful active β1 integrin throughout MDA-MB-231 spheroids 
formed with either BME or acid-solubilized collagen I (Figure 3, a 
and b). The antibody labeling of active β1 integrin (antibody 
clone 12G10) relies on binding to an epitope that is accessible 
for integrin only in the extended conformation. This conforma-
tion is energetically favorable in the ligand-bound state, giving a 
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very high probability that integrins in this conformation are ligand 
bound (Li et al., 2017). Even with ECM supplementation, a spon-
taneous spheroid former such as MCF-10A did not show integrin 
activation throughout the interior of the spheroid, but rather only 
on the cells at the spheroid–media interface, consistent with inte-
grin activity being neither necessary nor used during formation 
(Figure 3c). Quantification of the ratio of fluorescence of active β1 
integrin at interior cell–cell contacts relative to that at surface cell 
contacts with media revealed that MDA-MB-231 cells have a ratio 
nearly 10 times higher than that of MCF-10A cells formed under 
the same conditions (Supplemental Figure S9).

Among the spontaneous spheroid formers, MCF-10A was found 
to rely on E-cadherin for compaction, with E-cadherin inhibitory 
antibody and 1 mM ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) supplementation each preventing 
aggregation, with the latter depleting calcium required for cadherin 
activity (Lin et al., 2006) (Supplemental Figure S8). Moreover, MCF-
10A spheroids exhibited strong E-cadherin immunostaining through-
out, consistent with a cadherin-based compaction mechanism 

(Figure 3d). Notably, cells at the surface of the spheroid and in con-
tact with the media appeared to lack E-cadherin. MDA-MB-157 cells 
lack E-cadherin, but these spheroids still underwent efficient com-
paction that could be disrupted through calcium depletion with 
EGTA, indicating a cadherin-dependent mechanism (Lin et al., 2006). 
It is important to note that while spontaneous formers were not sup-
plemented with ECM components during formation, supplementa-
tion did not prevent compaction from occurring preferentially via a 
cadherin-dependent mechanism. Spheroids formed with BME under 
β1 integrin inhibition still efficiently compacted (Supplemental Figure 
S8). ZR-75-1 cells are unique in that these cells underwent compac-
tion mediated by both β1 integrin and E-cadherin. Individual inhibi-
tions of E-cadherin and β1 integrin were both effective in disrupting 
aggregate formation to an extent, with the most effective inhibition 
accomplished by dual inhibition (Supplemental Figure S8). Generally, 
among the cell lines investigated, spontaneous spheroid formers 
were found to rely on cadherin-mediated adhesions for rapid and 
tight compaction, while loose aggregate formers showed significant 
β1 integrin involvement. Cells using the β1 integrin–dependent 

FIGURE 3:  MDA-MB-231 spheroids formed with (a) BME (0.2575 mg/ml) or (b) acid-solubilized (AS) collagen I 
(10 μg/ml) display active β1 integrin throughout the spheroid, indicating many cells binding ECM as a network is formed 
between the cells. (c) MCF-10A spheroids formed with the same amount of AS collagen I supplementation display large 
amounts of active integrin only on the outer rim of the spheroid. (d) MCF-10A spheroid stained for E-cadherin shows 
strong signal throughout, confirming the reliance of MCF-10A spheroids on cadherins for tight compaction and 
demonstrating the ability of antibodies to penetrate dense spheroids efficiently. Cells at the spheroid–media interface 
lack E-cadherin, as indicated by the white arrowheads. All images are single slices through the middle of spheroids. 
Scale bars = 50 μm for full spheroids at the left and 20 μm for zoomed-in regions at the right.

Cell line Compaction mediator Method

MDA-MB-468 β1 Integrina AB, siRNA

MDA-MB-231 β1 Integrina AB, siRNA

MDA-MB-436 β1 Integrin AB

ZR-75-1 β1 Integrin and E-cadherin AB

MDA-MB-157 Cadherin Ca2+ depletion

MCF-10A E-cadherin AB, Ca2+ depletion

Cell lines are listed in an order consistent with the sorting hierarchy. AB = antibody inhibition. 
aMediators also found in Ivascu and Kubbies (2007).

TABLE 3:  Compaction mediators.
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compaction processes possess inherently lower adhesivity and dis-
play slower compaction than cells utilizing cadherin-based compac-
tion, which in turn impacts sorting order. Indeed, the rapid compac-
tion exhibited by cadherin-mediated spheroid formers results in their 
preference for the inside of mixed aggregates and determines their 
position in the sorting hierarchy (Table 3).

Impact of actomyosin contractility on sorting
To further elucidate the factors driving the sorting patterns ob-
served, the role of actomyosin contractility in aggregate formation 
was evaluated. Cells were treated with blebbistatin to modulate ac-
tomyosin contractility levels during spheroid formation. Blebbistatin 
is a selective myosin II ATPase inhibitor that reduces cellular contrac-
tility. To observe the effects of blebbistatin on cell behavior, gel con-
traction assays were performed at concentrations of 5 and 20 μM, 
which provide intermediate and high levels of contractility inhibi-
tion, respectively (Figure 4a). All cell lines showed at least 50% less 
contraction with 5 μM treatment, with MDA-MB-157 particularly 
strongly inhibited (∼90%) at that concentration, and all cell lines 
showed a reduction of gel contraction ability by >95% at 20 μM. 
Aggregate compaction measurements were then undertaken over 
72 h under 20 μM blebbistatin treatment. Interestingly, these experi-
ments revealed a distinct role for active contractility among cell lines 
utilizing different compaction mechanisms. Compaction of cell lines 
in which aggregation was driven by cadherins was disrupted by 
blebbistatin, with MDA-MB-157 aggregates much more noticeably 
disrupted than those of MCF-10A in terms of change in aggregate 
size (Figure 4, b, e, and f). In contrast, in the integrin-dependent 
spheroid formers MDA-MB-231 and MDA-MB-468, compaction 
was remarkably increased by the addition of 5 and 20 μM blebbi-
statin to the media, resulting in spheroids comparable to those 
formed by supplementation with BME (Figure 4, b–d; Supplemental 

Video S2). ZR-75-1 and MDA-MB-436 cells showed more modest 
compaction enhancement upon the addition of blebbistatin to the 
culture media, likely owing to the already considerably compact na-
ture of the untreated aggregates.

From the data presented in Figure 4, it is clear that contractility 
plays a fundamentally different role in the cell lines in which 
compaction is driven primarily by integrins versus by cadherins. Cell 
lines with β1 integrin involvement respond favorably with respect to 
spheroid formation upon reduction of contractility. This is an unex-
pected result, as contractility is necessary for spheroid formation 
and facilitates the development of mature cell–cell contacts in de-
veloping aggregates (Yamada and Nelson, 2007; Maître et  al., 
2012). To confirm that this compaction-enhancing effect is due to 
modulation of cellular contractility and not off-target effects of bleb-
bistatin, cells were treated with the inactive enantiomer (+)-blebbi-
statin. Treatment with (+)-blebbistatin did not have an appreciable 
impact on MDA-MB-231 compaction. In contrast, using other 
methods to reduce contractility resulted in similarly enhanced com-
paction to that achieved via (-)-blebbistatin (Supplemental Figure 
S10). Treating MDA-MB-231 with 10 μM Y27632, an inhibitor that 
targets Rho-associated protein kinase p160ROCK (Uehata et  al., 
1997), resulted in compact aggregates similar to those formed with 
blebbistatin treatment. Compaction of MDA-MB-231 cells was also 
enhanced by serum starvation, which decreases Rho activation, as 
well as with treatment with the myosin light chain kinase inhibitor 
ML-7.

We note that in MDA-MB-231 cells treatment with blebbistatin at 
or greater than 5 μM resulted in efficient compaction (Supplemental 
Figure S10), suggesting that a moderate decrease in contractility is 
sufficient to encourage spheroid formation. Higher concentrations 
did not show an increased effect. Phototoxic or cytotoxic effects of 
long-term blebbistatin incubation were also ruled out by treating 

FIGURE 4:  (a) Gel contraction for untreated cells and those treated with blebbistatin at 5 and 20 μM, all assessed 
after 4 h (n = 6; error bars show SDs). (b) Aggregate area for untreated cells and those treated with 20 μM blebbistatin 
(n = 10–12 for each cell line; error bars show SDs) assessed at 24 h (solid bars) and 48 h (cross-hatched bars). 
(c–f) Representative transmittance images of (c, d) MDA-MB-231 and (e, f) MDA-MB-157 aggregates that are 
(c, e) untreated or (d, f) treated with 5 μM blebbistatin for 48 h. Scale bar = 200 μm.
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cells with two more recently developed photostable and noncyto-
toxic derivatives, para-nitro and para-aminoblebbistatin (Supple-
mental Figure S10) (Képiró et al., 2014; Várkuti et al., 2016). In addi-
tion to reduced phototoxicity, para-aminoblebbistatin’s improved 
solubility allows a roughly 10-fold increase in concentration to be 
achieved. Treatment of MDA-MB-231 with 100 μM para-aminobleb-
bistatin resulted in less effective compaction compared with lower 
concentrations, suggesting diminished ability to form spheroids 
when contractility is heavily reduced.

To more closely examine the potentially differential effects of re-
laxing actomyosin contractility on spheroid compaction, we focused 
on two cell lines where contractility reduction had an opposite ef-
fect—MCF-10A and MDA-MB-231. While the change in size of 
MCF-10A aggregates under blebbistatin treatment was relatively 
modest (Figure 4b), a marked change in cell morphology at the pe-
rimeter of the spheroid was evident, with a transition from extended 
or stretched cells to more rounded cells (Figure 5, a and b) while 
interior cells were smaller and more polygonal, regardless of spher-
oid preparation conditions (Supplemental Figure S11a). For the un-
treated spheroid, phalloidin staining revealed a bright actomyosin 
cable along the smooth spheroid boundary; this feature was absent 
in the spheroid treated with blebbistatin. Stretched surface cells 
have been observed in zebrafish and associated with high contrac-
tile forces and tissue surface tension (Krieg et al., 2008; Manning 
et al., 2010). The stretched morphology compared with interior cells 
suggests regulation of contractility such that cortical tension is high 
at cell–media interfaces compared with interior cell–cell interfaces.

To quantitatively analyze the effects of contractility inhibition, the 
cell shape index—ratio of cell perimeter to square root of area—was 
measured, as cell shape can reflect competition between cell adhe-
sion and cortical tension within a tissue (Bi et al., 2016; Yang et al., 
2017). For a given cell, the shape index has a minimum value of 
∼3.54, indicating a perfect circle, with increasing values indicating 
more-elongated shapes. Untreated MCF-10A spheroids display a 
smooth boundary with the surrounding media, which results in a 
stark difference in cell shape index between interior and exterior 
cells (Figure 5d), with a median of 3.9 for interior cells and 5.0 for the 
more-extended cells found at the surface. Upon treatment with 20 
µM blebbistatin, a subtle change in cell morphology was observed. 
Surface cells appeared rounder, and the median cell shape index 
shifted from 5.0 to 4.7. Upon increasing the blebbistatin concentra-
tion to 40 µM, more obvious spheroid disruption was observed, with 
a further shift in median surface shape index to 4.3 and a distribu-
tion of cell shapes that is significantly different from those of the 
untreated spheroid (Figure 5e). Aggregates lost the smooth bound-
ary with the surrounding environment and became more irregular in 
shape. It appears that contractility inhibition lowers the tissue sur-
face tension, as evidenced by the more irregular interfacial bound-
ary. Further rounding up of surface cells was observed when forming 
spheroids with BME, which encapsulates cells in a layer of ECM 
(Figure 5e; Supplemental Figure S11b) separating them from the 
media and shifting the shape index to even lower values. In BME-
formed spheroids, we hypothesize that cell rounding is driven by 
cells being presented with ECM and thus favorable attachment 
points at the surface of the spheroid, no longer encouraging cell 
stretching to maximize cell–cell adhesions relative to cell–medium 
contact. For MDA-MB-231 aggregates, blebbistatin had a very simi-
lar effect on cell shape, encouraging cell rounding at spheroid 
edges (Figure 5, c and e). Blebbistatin-treated MDA-MB-231 spher-
oids displayed surface cells with shape indices similar to those found 
in BME-formed MCF-10A spheroids (Figure 5c; Supplemental 
Figure S11), the condition that encouraged the most cell rounding. 

While blebbistatin treatment does encourage MDA-MB-231 spher-
oid formation, it appears to cause the same cell rounding that it 
causes in MCF-10A spheroids. Unlike surface cells, interior cells did 
not show significantly different cell shape distributions across either 
spheroid formation conditions or across cell lines (Figure 5f; Supple-
mental Figure S11a).

The fact that exterior cell shape varies significantly across cell 
type and spheroid preparation conditions while interior cell shape 
does not is related to the ability of cells to translate cortical tension 
of individual cells into the surface tension of the multicellular aggre-
gate. As discussed previously, the cortical tension of individual cells 
has been shown to correlate well with sorting, as well as with overall 
aggregate surface tension (Krieg et al., 2008). Such a redistribution 
is contingent on stable cell–cell coupling; in the absence of such 
coupling, contractile cells displaying high cortical tension tend to 
pull away from each other due to high levels of interfacial tension 
between cells. In the presence of such coupling, the cortical tension 
is redistributed toward the outside of the aggregate, resulting in 
lower cell–cell cortical tension and higher cortical tension at cell–
media interfaces, that is, a mechanical polarization at the edge of 
the tissue (Amack and Manning, 2012). The reorganization of adhe-
sive and cytoskeletal machinery to accomplish this is an important 
step in aggregate formation. We find that only in cell lines in which 
compaction is driven by cadherins can cortical tension be redistrib-
uted effectively.

To further investigate the role of mechanical polarization in the 
cell lines studied here, we examined phospho-myosin light chain 
localization in spheroids. Antibody staining revealed high levels of 
myosin phosphorylation (and therefore cortical tension) at the 
boundaries of the aggregate in spheroids constructed from both 
cell lines (Figure 5, g and h). MCF-10A cells displayed strong local-
ization of phosphorylated myosin at the spheroid surface, indicating 
that sufficient contractile ability is present even under blebbistatin 
treatment and suggesting that redistribution of tension within the 
aggregates takes place following initial cell-cell adhesion. MDA-
MB-231 cells displayed obvious differences in spheroid character 
when formed using different methods. MDA-MB-231 spheroids 
formed with BME displayed integrin activation throughout (Figure 
3a) indicating the presence of many ECM-integrin contacts between 
cells. Upon removal of BME following spheroid formation, spher-
oids displayed phospho-myosin staining between interior cells 
(Figure 5h), indicating regions of high cortical tension between cells. 
Taken together, these findings suggest that ECM-integrin contacts 
are the main source of adhesion in such spheroids and, in the ab-
sence of an ECM network to hold the spheroid together, effective 
repulsions between cells resulting from high cellular contractility re-
duce spheroid cohesion, consistent with the lack of compaction 
seen in these cells in the absence of supplementation (Figure 2, a 
and d; Supplemental Figure S6b). In contrast to MDA-MB-231 
spheroids formed in the presence of BME, MDA-MB-231 spheroids 
formed in the presence of blebbistatin displayed phospho-myosin 
staining near identical to that of MCF-10A spheroids (Figure 5h), 
indicating a more robust, mechanical coupling of cells that allows 
tension redistribution to occur to the aggregate boundary. In both 
MCF-10A and MDA-MB-231 cells, it appears that contractility inhi-
bition by blebbistatin is partial, leaving cells with sufficient levels of 
contractility to mediate aggregate formation but not enough to 
cause surface cell stretching. Notably, the threshold for effective 
compaction of MDA-MB-231 cells could be accomplished at bleb-
bistatin concentrations that reduce contractile ability by roughly 
half, as measured through gel contraction assays (Figure 4; Supple-
mental Figure S10). Interestingly, spheroid formation was still quite 
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FIGURE 5:  (a) Actin immunostaining of untreated MCF-10A spheroid shows surface cells with stretched morphology. 
(b) Actin immunostaining of an MCF-10A spheroid treated with 20 μM blebbistatin shows more-rounded surface cells. 
(c) Actin immunostaining of an MDA-MB-231 spheroid treated with 20 μM blebbistatin shows similarly rounded cells. 
Scale bars are 20 μm in a and b and 40 μm in c. (d) Dimensionless shape index (SI) (perimeter/[Area]0.5) for cells in the 
spheroid shown in (a) reveals that interior cells have significantly smaller shape indices than cells at the spheroid surface. 
A circle (with SI = 3.5) and an ellipse with SI = 5.0 are shown for context. (e) Surface cell shape index as a function of 
treatment with blebbistatin or supplementation with BME during spheroid compaction. (f) Interior cell shape index as a 
function of treatment with blebbistatin or supplementation with BME during spheroid compaction. ns indicates not 
significant, and *** indicates p < 0.001. Differences between shape distributions are determined by Kolmogorov–
Smirnov tests. n ≥ 34 for each condition. (g, h) Immunostaining of phospho-MLC (pMLC) as a proxy for cortex tension. 
(g) MCF-10A spheroid formed (left) without supplements and (right) treated with 5 μM blebbistatin show similar staining 
patterns (pMLC magenta, actin green). (h) MDA-MB-231 spheroids (left) formed with BME and (right) when treated with 
5 μM blebbistatin show enhanced cell–media relative to cell–cell pMLC staining when treated with blebbistatin. In g and 
h, images are single slices through the middle of the spheroid. Scale bars in g and h are 30 μm.

effective at higher blebbistatin concentrations, where gel contrac-
tion was nearly abolished. This suggests that only low levels of con-
tractility are required for spheroid formation and is consistent with 
the fact that relatively noncontractile cells such as MCF-10A can 
display highly stretched surface cells in spheroids. MDA-MB-231 
compaction was reduced at sufficiently high inhibitor concentra-
tions, suggesting that there is a point where cellular contractility can 

be too heavily reduced, beyond the detection limit in the contrac-
tion assays (Supplemental Figure S10f).

Inverted static and dynamic aggregate sorting
Knowledge of the importance of adhesion molecules for cell line 
compaction and the differential effects of contractility inhibition 
across cell lines suggests that sorting may be controlled by 
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selectively inhibiting adhesion proteins and/or modifying actomyo-
sin contractility. Notably, the distinct effect of modifying actomyosin 
contractility can be exploited to reverse preferences for the outside 
of the aggregate. For example, in the case of MDA-MB-231/MCF-
10A coculture aggregates, MDA-MB-231 normally sorts to the out-
side of the aggregate (Supplemental Figure S2e). Upon application 
of blebbistatin during compaction in suspension culture, which has 
a compaction-promoting effect in MDA-MB-231 cells and a mildly 
spheroid disrupting effect in MCF-10A cells, the aggregates be-
came more mixed, with notable instances of trilayered spheroids, 
with MDA-MB-231 cells present both on the outside and in the inner 
core (Figure 6a). Upon additional application of an inhibitory E-cad-
herin antibody, a near-complete sorting flip was achieved (Figure 
6a). In the case of MDA-MB-231/MDA-MB-157 mixed aggregates, 
the application of blebbistatin was all that was required to reverse 
the sorting order of the cell lines (Figure 6b). This is in line with the 
high degree of disruption observed in monoculture MDA-MB-157 
aggregates compared with that in MCF-10A cells under contractility 
inhibition, as well as the extremely potent effect of blebbistatin on 
MDA-MB-157 cells in contraction assays (Figure 4). Not only is bleb-
bistatin effective in obtaining flipped organization during spheroid 
formation (starting from a mixture of dispersed, individual cells), but 
this method can also dynamically alter the organization of preexist-
ing spheroids. Here, MDA-MB-231/MDA-MB-157 spheroids were 
formed with BME. Rather than resulting in partial sorting as in the 
case with no supplementation, this resulted in full sorting, with the 
MDA-MB-157 cells compactly in the interior of the mixed aggregate 
(Figure 6b). Such spheroids, when treated with blebbistatin, demon-
strated dynamic inversion of the spatial organization over several 
days (Figure 6c; Supplemental Video S3). This simple method of in-
verting sorting demonstrates that knowledge of compaction behav-
ior of cell lines in isolation informs sorting in coculture aggregates 
and provides a facile method for creating aggregates of controlled 
composition and organization. Furthermore, the treatment with 
contractility-modifying drugs is fast and completely reversible, so 
that once the desired coculture aggregate organization is achieved, 
the treatments can be washed out and the spheroids can be used in 
further assays (Supplemental Figure S12).

Collagen I spheroid invasion assays were then conducted with 
MDA-MB-231/MDA-MB-157 cocultured spheroids prepared with 
the distinct organizations induced by BME and blebbistatin. Such 
spheroids clearly demonstrated different invasion patterns. For 
BME-formed MDA-MB-231/MDA-MB-157 spheroids, with MDA-
MB-231 cells on the outside of the spheroid, MDA-MB-231 cells in-
vaded efficiently into the gel, displaying stellate morphology and 
invading in an individual migratory mode. MDA-MB-157 cells in-
vaded poorly, with only a small number of individual cells seen at a 
distance from the spheroid core. However, even this limited invasion 
is greater than that seen in monoculture invasion assays of MDA-
MB-157 (Supplemental Figure S1). Upon reversing the organization 
of the spheroid, MDA-MB-231 cell invasion was attenuated, osten-
sibly because the cells must navigate through the outer shell of 
MDA-MB-157 cells before invasion (Figure 6, d and e). Not only is 
MDA-MB-231 cell invasion attenuated by the presence of the MDA-
MB-157 cells at the periphery of the spheroid, but a shift from indi-
vidual invasion to a mixed individual and collective invasion was 
seen. This behavior is similar to one reported previously for cells 
prepared in a spheroid encased in a shell composed of BME 
(Guzman et al., 2017) and one of presumed physiological relevance 
(Haeger et al., 2015). As the MDA-MB-231 cells initially confined to 
the spheroid core invade into the surrounding collagen, they appar-
ently facilitate invasion of the MDA-MB-157 cells further than they 

invade either in monoculture or when initially positioned in the co-
culture spheroid core. While the mechanisms by which this invasion 
facilitation occurs have not been characterized here, it is apparent 
that in coculture spheroids there are reciprocal interactions between 
cell lines that differ as a function of the spatial organization of the 
spheroid.

To demonstrate similar control over cell sorting and perturbation 
of cell invasive behavior in cells of the same genetic lineage, as 
would be expected to be present in tumors with distinct clonal pop-
ulations, spheroids composed of MCF-10A and MCF-10AHRas cells 
were also investigated. MCF-10AHRas cells were created through 
transformation of MCF-10A cells with the oncogene Harvey rat sar-
coma virus GTPase (HRas). HRas transformation triggers classical 
EMT changes in MCF-10A, including the loss of E-cadherin and an 
increase in N-cadherin and vimentin expression (Yoh et al., 2016). 
MCF-10AHRas cells displayed significantly higher cellular contractil-
ity compared with MCF-10A cells and were invasive in 3D culture in 
collagen I, displaying individual invasion from spheroids similar to 
that of the other invasive cell types investigated in this work (Supple-
mental Figure S13, a and b). As expected given the previously de-
termined sorting hierarchy, the diminished adhesivity in these cells 
driven primarily by the loss of E-cadherin caused MCF-10AHRas ag-
gregates to be looser and more irregular in shape than MCF-10A 
aggregates, which is reflected in their characteristic compaction 
times (Supplemental Figure S13c). For poorly adhesive cell types, 
blebbistatin treatment has a beneficial effect on spheroid formation 
and this was indeed seen for MCF-10HRas spheroids (Supplemental 
Figure S13d). In mixed MCF-10A and MCF-10AHRas aggregates, 
full sorting occurred with MCF-10A cells at the spheroid core. Treat-
ment with 5 µM blebbistatin did not lead to a full flip as in the MDA-
MB-231/MDA-MB-157 combination but did result in the positioning 
of a significant portion of MCF-10AHRas cells in the interior of the 
spheroid (Supplemental Figure S13, e–g). Despite the fact that com-
plete sorting inversion did not occur in these coculture spheroids, 
significant alterations in the invasive pattern as a function of initial 
spheroid organization were evident. Untreated spheroids, with 
MCF-10A cells situated entirely in the core and MCF-10AHRas cells 
on the periphery, showed a significant dispersal of MCF-10HRas 
cells, as well as the formation of a dense invasive front of individually 
invading MCF-10AHRas cells (Figure 6f). This invasive front pro-
moted invasion of MCF-10A cells in collective multicellular streams 
as also reported previously (Carey et al., 2013), a behavior that was 
not seen in spheroids composed solely of MCF-10A cells (Supple-
mental Figure S1). In contrast, spheroids prepared in the presence 
of blebbistatin showed much less invasion overall, with particular 
restraint of the otherwise highly invasive MCF-10AHRas cells (Sup-
plemental Figure S6f). The dense invasive front of MCF-10AHRas 
cells was replaced by more sparsely invading individual cells. Most 
notably, the lack of a leading invasive front of MCF-10AHRas abol-
ished the coinvasive behavior of MCF-10A cells, instead leading to 
noninvasive spreading also seen in monoculture MCF-10A (Supple-
mental Figure S1). In higher concentration collagen gels, a more 
dramatic difference was observed in the density of invading MCF-
10HRas cells between spheroids with these cells positioned on the 
outside versus inside due to the denser, smaller-pore-size environ-
ment that provides physical challenges to invasion (Supplemental 
Figure S14) (Guzman et al., 2014).

DISCUSSION
The analysis of sorting behaviors in breast cell lines presented here 
demonstrates that consideration of adhesion proteins in combina-
tion with the principles of the differential adhesion hypothesis are 
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FIGURE 6:  (a) MDA-MB-231 (green) and MCF-10A (magenta) mixed aggregates that are (from 
left to right) untreated, treated with 3.5 μM blebbistatin (inset, treated with 10 μM Y-27632), 
and treated with 3.5 μM blebbistatin and 10 μg/ml E-cadherin inhibitory antibody. Scale bar = 
100 μm. (b) MDA-MB-231 (green) and MDA-MB-157 (magenta) aggregates that are (from left to 
right) untreated, supplemented with 0.2575 mg/ml BME, and treated with 5 μM blebbistatin. 
Scale bar (leftmost) = 200 μm; scale bar (middle and right) = 100 μm. (c) MDA-MB-231 (green) 
and MDA-MB-157 (magenta) aggregate formed with BME sorts such that MDA-MB-231 is 
located on the outside. Following treatment with Cell Recovery Solution (Corning) to remove 
BME and treatment with 5 μM blebbistatin, a sorting flip occurs. Images (from left to right) show 
the progressive change in organization at 0, 24, and 72 h after the beginning of blebbistatin 
treatment. (d) Invasion of a (left) BME-formed and (right) 5 μM blebbistatin-formed aggregate of 
MDA-MB-231 (green) and MDA-MB-157 (magenta) cells after 24 h invasion in a 1 mg/ml 

useful as a minimal model with which to ra-
tionalize cancer cell sorting across the EMT. 
We find that cells with high invasive capacity 
tend to sort toward the outside of aggre-
gates. This is due to a combination of fac-
tors associated with proinvasive behavior, 
primarily the loss of E-cadherin expression 
and the increase in actomyosin contractility. 
The general preference of more-invasive 
cell lines for the outside of aggregates may 
have implications for tumor invasion, as a 
small population of invasive cells in close 
proximity to the stromal environment may 
not only readily invade the surroundings but 
also reorganize the environment to be more 
permissive for other cells that may engage 
in leader-follower–type behavior (Gaggioli 
et al., 2007; Carey et al., 2013). This may in 
turn allow otherwise poorly invasive tumor 
cells to invade and adopt additional aber-
rant behaviors, as the extrusion of inherently 
less-invasive cells into the stromal compart-
ment has the potential to trigger a switch to 
a more-invasive phenotype (Carey et  al., 
2017).

In this work, we have demonstrated the 
importance of the interplay between cell ad-
hesion and cortical tension in setting and 
controlling cell sorting behavior. We find 
that the primary adhesion proteins during 
the initial aggregation phase strongly dic-
tate which cell line sorts to the inside of a 
mixed cell-type aggregate. Cells expressing 
high levels of cadherins are capable of form-
ing cell–cell contacts rapidly, after which 
spheroids compact further through active 
contractility. For cell–cell adhesions medi-
ated by integrins, a longer timescale is re-
quired for cells to be mechanically coupled. 

collagen I gel. White arrowheads indicate 
regions with collectively invading MDA-
MB-231 cells. Scale bar (leftmost) = 200 μm. 
(e) Histogram of distances traveled by 
invading MDA-MB-231 cells from each 
spheroid formation condition. n = 5 spheroids 
for BME-formed spheroids (1724 cells) and 
n = 7 spheroids for blebbistatin-formed 
spheroids (791 cells). (f) (Left, middle cells) 
Invasion of an untreated aggregate of 
MCF-10AHRas (green) and MCF-10A 
(magenta) in a 1 mg/ml collagen I gel 24 h 
postimplantation. Image at the left is a 
maximum-intensity z-projection, and image in 
the middle is a select z-projection of the top 
portion of the spheroid. Collective invasion of 
MCF-10A cells is highlighted by white 
arrowheads. (Right) Invasion of an aggregate 
of MCF-10AHRas (green) and MCF-10A 
(magenta) cells treated with 5 μM 
blebbistatin in a 1 mg/ml collagen I gel 24 h 
postimplantation. Scale bar is 200 μm and the 
same in all panels.



12  |  A. J. Devanny et al.	 Molecular Biology of the Cell

This may be due to the low concentration of ECM molecules for 
adhesion in media, slow accumulation of cadherins in initial loose 
aggregates, or a combination of these factors.

Among the cell lines investigated here, we have identified a 
unique role for actomyosin contractility among cells that compact 
via slow (integrin based) and fast (cadherin based) compaction 
(schematically depicted in Figure 7). Rapidly compacting cell lines 
(Figure 7, a, red points, and b), such as MCF-10A, tend to form ag-
gregates with characteristic stretched surface cells that are associ-
ated with mechanical polarization of tissue from coregulation of 
adhesion and cortical tension. During spheroid formation, the 
stretching of surface cells indicates that these cells are in a regime 
where cortical tension is higher at cell–media interfaces than cell–
cell interfaces (Manning et al., 2010). Decreasing contractility dis-
rupts this process and leads to surface cell rounding and spheroid 
disruption. The response of cadherin-mediated spheroid formers to 
decreasing cellular contractility is consistent with previous models 
for cell adhesion in confluent monolayers and 3D aggregates 
(Manning et al., 2010). When contractility is properly regulated with 
mechanically coupled cells, it is advantageous for spheroid 
formation.

For cell lines that compact using integrin-mediated processes 
(Figure 7, a, blue points, and c), cadherin deficiency shapes and 
slows the aggregation process. High levels of contractility become 
disadvantageous for spheroid formation. Cortical tension present in 
highly contractile cells lacking cadherins inhibits formation of stable 
cell–cell contacts, as loosely attached cells round up and pull away 
from one another. Such contractility serves as an effective repulsion 

between cells (Supplemental Video S2). Here, reducing cellular con-
tractility can push cells to a regime where robust spheroid formation 
can occur. While most of the inhibitory pharmacological treatments 
explored in this work have a favorable effect on spheroid formation 
for cell types lacking cadherins, in cases where particularly high con-
centrations could be achieved and were investigated, aggregate 
cohesion plateaued and ultimately diminished, as would be ex-
pected in cases where contractility is too low or absent (Supplemen-
tal Figure S10). While decreasing contractility is not generally under-
stood to enhance aggregation, this finding is consistent with the 
previous finding that high cortex tension in microtissues of con-
strained geometries can lead to tissue failure (Dean and Morgan, 
2008; Wang et al., 2013).

It has been shown in other work that actomyosin contractility is 
generally advantageous for forming tight aggregates, with cells pos-
sessing higher levels of contractility demonstrating preference for 
the inside of aggregates in germ layer sorting (Krieg et al., 2008). 
Instrumental in this hypothesis is the fact that cells can redistribute 
tension throughout the forming aggregate so that high cortical ten-
sion between cells does not hamper adhesion as tissue boundaries 
are established (Amack and Manning, 2012). Here, a critical step is 
the mechanical coupling of cells through cadherin–cytoskeletal link-
ages mediated by adapter proteins, which allow for tension redistri-
bution to occur (Maître et al., 2012). Investigations of cell–cell con-
tacts in two-dimensional culture have demonstrated Rho signaling 
downstream of cadherin bond formation that allows full expansion of 
the cell–cell contact to maximize adhesion while maintaining high 
tension toward the cell–media interfaces (Yamada and Nelson, 2007). 

FIGURE 7:  (a) Summary of cell lines investigated in this study with contractility as assessed through collagen 
contraction assays (shown also in Figure 4a, blue bars) plotted vs. compaction time of cells as single-cell-type spheroids 
(shown also in Figure 2d). Compaction of MDA-MB-231 and MDA-MB-468 cells cannot be quantified, but we place them 
on this plot to indicate slow compaction, with MDA-MB-231 cells placed to the left of MDA-MB-468 cells to reflect their 
relative tendency to compact to a certain degree over time (Supplemental Figure S6, a and b). Compaction time alone 
predicts sorting order in aggregates composed of pairs of cell lines. Cell lines labeled in red exhibit cadherin-mediated 
spheroid formation and are disrupted when contractility is reduced; cell lines labeled in blue exhibit integrin-mediated 
spheroid formation, and compaction is enhanced when contractility is reduced (Figure 4b). MCF-10AHRas cells are 
included in the graph with as asterisk, as their placement in the sorting hierarchy was not confirmed. (b, c) Schematic 
depiction of spheroid formation in two classes of spheroid formers. (b) In cadherin-mediated spheroid formation (cell 
lines labeled in red in a), cells rapidly form intercellular cadherin bonds (1). This leads to mechanical coupling between 
cells that allows reduction in tension at cell–cell interfaces, expansion of cell–cell contact areas, and redistribution of 
tension toward the aggregate edge. This results in mechanical polarization and eventual stretching of surface cells (2). 
Treatment with contractility inhibitors prevents cell stretching, but sufficient contractility generally remains for spheroid 
formation (3 and 4). (c) In an integrin-mediated compaction process (cell lines labeled in blue in a), significantly fewer 
cadherins are available for cell–cell adhesion; thus, integrins play a role. Adhesions in this case are transient, and cells 
pull apart and rearrange over time (1 and 2). Upon reduction of contractility, reduced cortex tension allows for more 
stable adhesions to develop, with sparse cadherins accumulating and integrins linking cells through ECM. Over time, 
cell–cell contact areas expand as facilitated by the reduced cortex tension, and a more cohesive spheroid forms (3–5).
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Actomyosin contractility drives contact expansion while not hamper-
ing cell adhesion formation by pulling cells apart from one another. 
Even in cells that are well-coupled through cadherin-based adhe-
sions, there is evidence that the contractile nature of cells can hinder 
cell–cell adhesion. ROCK activation has been shown to disrupt adhe-
rens junctions in Madin–Darby canine kidney monolayers, and myo-
sin II activity can unzip cell contacts if actin dynamics are not precisely 
regulated (Sahai and Marshall, 2002; He Li et al., 2020). These results 
highlight the dynamic nature of adhesions and the perhaps underap-
preciated instability that can arise under forces typical of epithelial 
cell adhesion. In the cell types investigated here that undergo cad-
herin-mediated compaction, mechanical coupling allows efficient 
compaction in both high- and low-contractility regimes. In contrast, 
for cells that undergo integrin-driven compaction, which are typically 
far along in the EMT and lacking in E-cadherins, the cells are not ini-
tially stably mechanically coupled in the same way that is achieved 
through cadherin–cadherin bonds. In this case, high cell contractility 
acts as an effective repulsion, pulling cells away from one another. 
Low-adhesion, high-contractility cell types thus experience a dra-
matic compaction enhancement with contractility inhibition. In 
spheroids in which one cell type exhibits cadherin-driven compac-
tion and the other exhibits integrin-driven compaction, treatment 
with a contractility inhibitor can be expected to significantly alter cell 
positioning in an aggregate, favoring less-aggressive cells at the pe-
riphery and more-aggressive ones in the core of the aggregate.

The restoration of cell–cell contacts in poorly adhesive, trans-
formed cell types upon contractility inhibition may represent a shift 
back toward a more epithelial phenotype (Zhong et al., 1997). As 
discussed previously, high contractility is a feature of EMT progres-
sion that is associated with aggressive invasion and matrix remodel-
ing (Samuel et al., 2011). However, contractility that is beneficial for 
initial invasion may discourage cell survival in the collagen-rich 
stroma, where lack of cell–cell contacts triggers apoptotic pathways 
(Schipper et al., 2019; Yu, 2019). E-cadherin–deficient invading cells 
in a mouse model show enhanced survival when cultured with bleb-
bistatin. In that work, once cells invaded the collagen-rich stroma, 
reduction in contractility allowed not only enhanced survival but also 
secondary tumor formation. This could be a mechanism through 
which tumor cells cycle between an aggressive invasive phenotype 
and a proliferative, tumor-initiating phenotype. Additionally, this re-
sult may shed light on the underlying mechanism of the beneficial 
effects of the ROCK inhibitor Y-27632 in cell culture, which has long 
been used as a supplement in primary cell culture, specifically in 
breast cancer organoids (Liu et al., 2012; Sachs et al., 2018).

The fact that simple actomyosin contractility inhibition can en-
courage significantly more-robust cell–cell contacts can have multi-
ple applications. First, reduction of actomyosin contractility serves as 
a useful strategy for spheroid formation in cell lines in which it is 
otherwise difficult to do so, such as MDA-MB-468 cells. Second, 
minitissues or other complex in vitro cell assemblies could be made 
using insights gleaned from the work described here. Third, the abil-
ity to control cell sorting using methods described here can serve as 
a potential strategy to limit invasion through encouraging compac-
tion and relocation of invasive cell types in aggregates. While other 
methods exist to achieve controlled aggregates or organization of 
mixed cell types, they typically involve complex genetic alterations 
that are time intensive to implement (Toda et al., 2018). Containment 
of such cells in the interior of an aggregate prevents easy access to 
the stromal compartment and subsequent coinvasion with other 
subpopulations of cells. The strategy may be especially impactful, as 
it exploits the differential effect of contractility modification on gen-
erally invasive versus noninvasive cells and thus requires only a single 

treatment to target both cell populations with the outcome of creat-
ing a physical barrier to invasion, potentially not only in in vitro envi-
ronments such as spheroids or organoids but also in vivo.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell lines and reagents
For detailed cell line and reagent listings, see the Supplemental 
Information.

Cell culture
Cell culture was performed via established methods. For detailed 
protocols, see the Supplemental Information.

Gel contraction and collagen invasion assays
Gel contraction and collagen invasion assays were performed as de-
scribed previously in Ziperstein et al. (2015). For a more-detailed 
description, see the Supplemental Information.

Microscopy
Laser-scanning confocal microscopy was used for fixed sample im-
aging. Laser-scanning confocal and widefield microscopy were used 
for live sample imaging. Full details of imaging conditions are in the 
Supplemental Information.

Sorting experiments
Before being mixed, cells were labeled with fluorescent cytosolic 
dyes, Cell Tracker Green CMFDA and Cell Tracker Orange CMRA 
(Invitrogen), according to the manufacturer’s protocol. Cells were 
incubated with the staining solution (2 µM CMFDA and 7 µM CMRA) 
in serum-free medium for 45 min at 37°C and were washed twice 
with phosphate-buffered saline before detachment via Accutase. 
Cells were counted and mixed in a 1:1 ratio. For cell lines using dif-
ferent media, cell suspensions were mixed such that the different 
media were mixed at a 1:1 ratio as well. Cell mixtures were plated in 
an ultra-low-attachment 96-well plate such that each well contained 
a total of 2000 cells, and the plate was then centrifuged at 1000 × g 
for 10 min at 4°C. The plate was transferred to a 37°C incubator with 
5% CO2. The plate was removed from the incubator for imaging 
with a 10× air objective on a confocal laser-scanning microscope 
(Olympus Fluoview 300) at 2, 24, 48, and 72 h time points following 
centrifugation. To capture the entire spheroid during formation, 100 
μm stacks with 5 μm steps were collected. Fluorescence imaging 
was performed using 488 and 543 nm lasers, and fluorescence was 
detected on photomultiplier tube detectors.

Image analysis
Image analyses were performed using ImageJ, Python, and Matlab. 
Analysis of cell sorting was performed as described in Cochet-
Escartin et al. (2017). For full details regarding analysis of sorting 
dynamics and other image analyses, see the Supplemental 
Information.

Spheroid compaction and inhibitory treatments
Spheroid experiments were performed by plating cells in ultra-
low-adhesion plates and centrifuging. Transmitted light images 
were taken periodically to monitor aggregation. Media supple-
mentation was performed during the formation period to either 
encourage or inhibit spheroid formation. For details on supple-
ments, concentrations, and quantification, see the Supplemental 
Information.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-07-0357
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siRNA-mediated β1 integrin knockdown
siRNA knockout was performed using standard lipid-mediated 
transfection methods. For a detailed protocol and quantification of 
efficiency, see the Supplemental Information.

Immunocytochemistry
Cell fixation and immunofluorescence were performed using estab-
lished methods. For full details, see the Supplemental Information.

Statistical analysis
Statistical analyses for each data set were performed using R. De-
tails are given in the figure captions and the Supplemental 
Information.

Data sharing
All study data are included in the article or the Supplemental Infor-
mation. Raw data are available upon request.
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