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Abstract

Cell aggregation is frequently impaired during the growth of
primary tumors and the formation of metastatic lesions. Cell
aggregation depends on cell–cell adhesion; however, no rigor-
ous approach exists to monitor and quantify it accurately in the
absence of the confounding factors of cell–substrate adhesion
and the resulting cell motility on the substrate. We report here a
highly reproducible, automated, microscopy-based quantifica-
tion of tumor-cell spheroid formation in the absence of cell–
substrate adhesion and use it to characterize cell aggregation
dynamics in the early steps of this process. This method is based
on fluorescence and bright-field microscopy and on a custom

MATLAB program to quantify automatically the cells' aggrega-
tion kinetics. We demonstrate that the cell–cell adhesion pro-
tein E-cadherin and the desmosome proteins DSG2 and DSC2
are important for aggregation. Furthermore, we show that
inhibition or silencing of myosin IIa enhances aggregation,
suggesting that cytoskeleton tension inhibits tumor cell aggre-
gation. This work opens new avenues to study the principles
that govern multicellular aggregation, to characterize the aggre-
gation properties of various tumor cell types, as well as to
screen for drugs that inhibit or promote aggregation. Cancer Res;
75(12); 2426–33. �2015 AACR.

Introduction
Tumor cell invasion and metastasis are the major obstacles to

successful treatment of cancer patients. Metastatic dissemination
is associated with deregulation of numerous cell processes,
including the ability of tumor cells to aggregate (1). Both pro-
and anti-aggregation forces contribute to promoting cancer dis-
semination: loss of cohesion forces in the primary tumor allows
individual cancer cells or small groups of cells to escape into the
lymphatic and circulatory systems (2), whereas the increased cell–
cell adhesiveness of metastatic cells allows them to form multi-
cellular homotypic aggregates, which have an increased chance of
survival once detached from the primary tumor (3). Formation of
these malignant cell aggregates also enhances their probability of
interacting with endothelial cells in small capillaries and of their
extravasation into surrounding tissues, which are necessary steps
for metastasis (4, 5).

Numerous cell–cell adhesion proteins, notably proteins of the
cadherin superfamily, are involved in cell aggregation. Deregula-
tionof cell aggregation inmetastatic cells is reported to result from
loss of functional E-cadherin accompanied by a gain of expression
ofN-cadherin (6), differential adhesion to the extracellularmatrix
(7), or a response to inflammatory cytokines (8). A few studies

also suggest that cell aggregation correlates inversely with tension
in the cytoskeleton (9). Cell–cell adhesion and cytoskeleton
tension have been studied extensively at the molecular scale, but
describing the molecular events within single cells cannot alone
predict the behavior of a multicellular population. How the
interplay between cell–cell adhesion and cytoskeleton tension
affects the aggregation at amulticellular scale still remains unclear
(10).

So far, no rigorousmethods have been reported tomonitor and
quantify cell aggregation kinetics. The study reported here aimed
to characterize quantitatively how tumor cells aggregate at the
multicellular scale by using a new, high-throughput method to
quantify the kinetics of aggregation of tumor cell populations.
This method involves automatic imaging combined with a cus-
tom-made automated image analysis procedure. To avoid the
confounding factors of cell adhesion to substrate and migration
on a matrix, we characterized the early steps of multicellular
tumor spheroid formation on a poorly adhesive substrate. Using
this approach, we have shown that in HCT116 colon cancer cells
not only are E-cadherins involved in aggregation, but also other
processes, such as desmosomal adhesion, work in parallel. Final-
ly, we have shown that decreased cytoskeleton tension correlated
with faster aggregation, suggesting that myosin IIa applies a
counter force that slows down aggregation. This new approach
may prove useful to decipher the principles that govern the
kinetics of multicellular aggregation with the aim of developing
new approaches to diagnose, assess, and treat progressive
malignancies.

Materials and Methods
Production of the HCT116 H2B–mCherry expressing cell line

A cDNA encoding a histone H2B protein fused to the fluo-
rescent protein mCherry (kindly provided by R. Tsien) was
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transferred to the pTRIP lentiviral shuttle vector. The resulting
plasmid was used to produce lentiviral particles in 293FT
embryonic kidney cells (Life Technologies) after calcium chlo-
ride tri-transfection together with pGag/pol and pVSV-G plas-
mids (provided by Vectorology platform, INSERM U1037).
Seven hours after transfection, the DMEMþGlutamax (Life
Technologies) medium supplemented with 10% fetal calf
serum (FCS; Invitrogen) was replaced with serum-free OPTI-
MEMþGlutamax medium (Life Technologies). Lentiviral
particles were harvested 48 hours later. HCT116 colorectal
cancer cells (ATCC) were then transduced with the lentiviral
particles at a multiplicity of infection (MOI) of 6 in the
presence of 4 mg/mL protamine sulfate in OPTIMEMþGluta-
max. Medium was replaced 7 hours later with DMEMþGluta-
max þ10% FCS. We thus obtained a cell line (HCT116-H2B–
mCherry) stably expressing the H2B–mCherry fusion protein.

Cell culture and spheroid generation
The HCT116-H2B–mCherry and MDA-MB-231 cell lines

(ATCC) were cultured in DMEM medium supplemented with
10% FCS and 100 U/mL penicillin/streptomycin. MCF7 cells
(ATCC) were cultured in RPMI medium supplemented with
5%FCS and 1 mmol/L insulin. Cells were cultured in a humidified
atmosphere of 5% CO2 at 37�C. For CellMask Orange (Life
Technologies) staining, cells growing on a plastic culture well
were incubated for 15 minutes at 37�C with CellMask agent at 1
mg/mL, then rinced in PBS, trypsinized, and prepared for spheroid
formation and image acquisition. Spheroids were prepared as
described previously (11, 12). Briefly, cells were distributed into
poly-HEMA–coated, round-bottomed 96-well plates at a density
of 500 cells per well. The plates were centrifuged at 191 � g for 6
minutes. For imaging, culturemediumwas replaced byOptiMem
(Invitrogen) supplemented with 5% FCS and 1% penicillin/
streptomycin for HCT116 cells and MDA-MD-231 cells, or by
DMEM-F12 supplemented with 1 mmol/L insulin, 10 nmol/L
b-estradiol, epidermal growth factor (20 ng/mL; Invitrogen), B-
27 Supplement (1�, Invitrogen) for MCF7 cells.

Reagents
RGD peptide and trypsin were purchased from Life Technol-

ogies. Antibodies against E-cadherin (mouse monoclonal IgG1
HECD-1 clone) and against myosin IIa (ab55456) were pur-
chased from AbCam, and the antibody against DSG2 (mouse
monoclonal IgG1 AH12.2 clone) was from Santa Cruz Biotech-
nology. The IgG1 control monoclonal antibody (3.12.i.22) was
produced in the laboratory (13). CAR peptides (DSG2: LTGYAL-
DARG; DSC2: IIAFATTPDG) were synthesized by Euromedex.
Blebbistatin was purchased from Sigma.

siRNA transfection
ON-TARGETplus HumanMHY9 siRNA and siRNA buffer were

purchased from Thermo Fisher Scientific. Cells were cultured in
12-well plates and transfected with MYH9 siRNA (1 nmol/L) by
using the Interferin reagent (Ozyme) following the manufac-
turer's procedure. Experiments were conducted 3 days after
transfection.

Time-lapse experiments
Time-lapse videomicroscopy imageswere acquiredover at least

20 hours (1 acquisition/15 minutes), by using an inverted wide-

field Zeiss Axio Observer Z1microscope fitted with a 0.3 N.A 10�
objective and a CoolSNAP CDD camera (Roper scientific). At
each time point and position, 10-mm spaced z-stacks of bright-
field and mCherry fluorescence were acquired by using Meta-
Morph software.

Image processing and analysis for aggregation process
quantification

At each time point, and for each aggregate, maximal projec-
tions of the mCherry images were obtained by using the ImageJ
software. The principal steps of the algorithm to detect and
measure the aggregate over time with a custom-made MATLAB
procedure were: (i) selection of the focus plane of transmission
images where the aggregate is the clearest by maximizing
relative standard deviation (SD) of the intensity, (ii) binariza-
tion of mCherry projections and of the selected transmission
plane using the edge function, (iii) calculation of the final
binarized image by multiplying pixel by pixel the two previous
binarized images, (iv) detection by bwboundaries function and
tracking of the object of interest at each time point by selection
on size and position, (v) saving of the object's outline, and (vi)
calculation of the characteristic parameters (coordinates of the
center, area). The MATLAB code and a tutorial are available in
Supplementary Data.

Immunofluorescent staining
Cells grown on coverslips for 3 days, were washed in PBS, and

fixed for 5 minutes in methanol at�20�C, then washed, permea-
bilized in PSB containing 0.5% Triton X-100 for 5 minutes at
room temperature, and incubated in PBS containing 5%FCS for 1
hour at room temperature. For immunofluorescent staining of
spheroid frozen sections, spheroids grown for 7 dayswere washed
inPBS,fixed for 3hours in formalin at 4�C, incubated overnight in
sucrose at 15%, and then for 3 hours in sucrose at 30% at 4�C.
Spheroids were then embedded in OCT (Tissue-Tek) in cryo-
molds, flash-frozen, and 8-mm cryosections were prepared using
a Leica CM1950 CryoStat. Sections were placed under vacuum
overnight, stored at �20�C for 12 hours, rehydrated at room
temperature in PBS for 20 minutes, postfixed in formalin for 15
minutes, washed in PBS for 10minutes, and permeabilized in PBS
containing 0.5% BSA and 0.5% Triton X-100 for 30 minutes.
Frozen sections or cells fixed on coverslips were incubated over-
night at 4�C with antibodies against E-cadherin (1/400, clone
HECD-1; Abcam), DSG2 (1/800, clone AH12.2; Santa Cruz
Biotechnology), or myosin IIa (1/1,000, clone ab55456; Abcam)
in PBS containing 5% FCS. After washes in PBS containing 0.1%
TritonX-100, goat anti-mouse Alexa Fluor 594 antibodies (Molec-
ular Probes, 1/800) were applied for 1.5 hours at room temper-
ature. DNA was stained with DAPI at 1 mg/mL, for 10 minutes at
room temperature.

Results
Cells spontaneously form 3D aggregates on poorly adhesive
substrates

To investigate the tumor cell aggregation process indepen-
dently of cell migration or matrix adhesion, we chose to study
the formation of multicellular tumor spheroids, which are
widely used as an in vitro model for microtumors (14–17). We
used a colon adenocarcinoma cell line, HCT116, engineered to
express a histone H2B–mCherry fluorescent fusion protein,
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which allowed us to visualize the cells by fluorescence micros-
copy (Fig. 1A). Cells were distributed into U-shaped 96-well
plates treated to prevent cell adhesion to the surface (12, 18), so
that the cells could not adhere nor migrate on the substrate by
applying motile forces. The cells were concentrated by gentle
centrifugation at the bottom of the wells where they could
aggregate to form spheroids.

One hour after centrifugation, a monolayer of individual cells
was visible (Fig. 1A). Over the next 20 hours, the cells spontane-
ously andprogressively adhered to one another to forma cohesive
aggregate with no space between them before starting to prolif-
erate (Supplementary Movie S1). After 48 hours, the cells in the
aggregates had begun to organize and to adopt a regular round
shape (Fig. 1A). After 72 hours, a spheroid had formed with a
distinct, regular boundary and a spherical 3D shape (data not
shown). To study the period corresponding to the aggregation
process itself, we focused the rest of our analyses on the first 20
hours after centrifugation.

Automated quantification of the kinetics of cell aggregation
To quantify the aggregation kinetics of the cells, we measured

the area of the surface occupied by the cells by a dedicated
MATLAB procedure that automatically detects and tracks the
forming cell aggregate using bright-field and fluorescence time-
lapse microscopy (Supplementary Fig. S1A). This approach

allowed us to determine the outline of the area occupied by
the cell population as accurately as possible. Briefly, bright-field
and fluorescence images were binarized and combined (Sup-
plementary Movie S1). Subsequent image segmentation
enabled detection and tracking of the aggregate at each time
point (Supplementary Movie S2). Other data, such as the
aggregate center and area, were computed automatically (for
further details; see Materials and Methods). This method
enabled us to analyze the aggregation kinetics of about 25
samples in 2 hours, from raw image selection to aggregate area
measurements.

Areameasurements showed twophases of cell aggregation (Fig.
1B). During the first 5 hours, the area decreased rapidly as the cells
entered into contact and started to form a dense monolayer. The
second phase started when this rapid decrease in area began to
slow down and stabilize. This phase correlated with the transition
from a 2D to a 3D structure, that is, when the cells began to form a
structure two or more cell layers thick.

To compare the aggregation kinetics in different wells, we
normalized the measured area after the observation time to the
area occupied by the cells 1 hour after centrifugation ("area
variation," Fig. 1C). The mean value of the area variation 4 hours
after the centrifugation step was 0.62 � 0.065 SD (n ¼ 44 from
20 independent experiments). The low SD as well as the low
full width at half maximum value (0.11) of the area variation

3DMonolayer
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Time (h) H2B mCh Bright field
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Figure 1.
Quantification of spontaneous cell
aggregation on a poorly adhesive
substrate. A, z-projections of the
H2BmCh fluorescence signal (left)
and in-focus bright-field image (right).
The red line on the bright-field images
corresponds to the outline of the
area measured after automatic
segmentation. Bars, 100 mm. B, line
graph of the computed cell aggregate
area during spheroid formation (the
mean� SD; n¼ 44 aggregates from 20
independent experiments). C, variation
of the area occupied by the cell
aggregate during spheroid formation
(mean� SD; n¼ 44 aggregates from 20
independent experiments). The arrow is
placed at t ¼ 4 hours, where the
aggregation kinetics slow down.
D, frequency histogram of the area
variation 4 hours after centrifugation.
Full width at half maximum
is of D ¼ 0.11.

Saias et al.

Cancer Res; 75(12) June 15, 2015 Cancer Research2428

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/75/12/2426/2718886/2426.pdf by guest on 19 M

ay 2023



distribution showed the reproducibility of our method (Fig. 1D).
We used this area variation parameter to quantify the cell aggre-
gation kinetics in all the following experiments performed on
HCT116 cells. To use the same procedure to studyMCF7 andMD-
MB231 cells that were not genetically modified to express a
fluorescent reporter, we stained the cell membranes with the
fluorescent marker CellMask Orange. The kinetics of aggregation
were similar for cells treated or not with this marker (data not
shown).

Together, these data demonstrate that our method is highly
reproducible and is an useful tool to quantify collective cell
aggregation kinetics.

Cell aggregation on a poorly adhesive substrate is independent
of integrins

We aimed to study cell aggregation independently of cell
migration or matrix adhesion. If the cell aggregation we observed
above on a poly-HEMA–treated antiadhesive surface was truly
independent of cell migration or matrix adhesion, it should be
independent of integrins. We tested this hypothesis by blocking
integrin-dependent cell–matrix adhesions with an Arg–Gly–Asp
(RGD)peptide, which inhibits integrin–extracellularmatrix inter-
actions (19, 20). The efficacy of 0.5mmol/L RGDpeptidewas first
verified by showing its inhibitory effect on cell adhesion to
traditional culture dishes (Supplementary Fig. S1B). In the aggre-
gation assay, over the first 20 hours of aggregation 0.5 mmol/L
RGDpeptide had no significant effect on aggregate shape and area
variation dynamics (Fig. 2 and Supplementary Fig. S1B). These
data confirm that cells do not adhere to poly-HEMA–coated
culture wells and that the aggregation process is independent of
integrins.

E-Cadherins are not sufficient to complete collective cell
aggregation

E-Cadherins are among the main molecules involved in cell–
cell adhesion and inhibition of E-cadherins has been shown to
inhibit cell aggregation (21). We used the aggregation assay
described above to investigate the role of E-cadherins in cell
aggregation during the early step of spheroid formation by block-
ing specifically homotypic E-cadherin–binding sites with amono-
clonal anti–E-cadherin antibody (HECD-1 clone; refs. 21, 22). In
the presence of this antibody, aggregation was slightly slower and

less effective (Fig. 2): after 20 hours, the area variation was 54.4%
higher in wells treated with the antibody against E-cadherin than
it was in wells treated with the control irrelevant monoclonal
antibody (3.12.i22), which does not interact with membrane
proteins (Fig. 3A). We also studied the breast cancer cell lines
MCF7 andMDA-MB-231 that are reported to express, respectively,
high and very low levels of E-cadherin (confirmed in Supplemen-
tary Fig. S2; refs. 23, 24). MDA-MB-231 cells stained with Cell-
Mask Orange aggregated less than similarly stained MCF7 cells as
determined by measurement of area variation: the area occupied
by the MDA-MB-231 cells after 20 hours had decreased to only
65% of the area at 1 hour, whereas after 20 hours, MCF7 cells had
aggregated to 20% of the area at 1 hour (Fig. 3B and C). When
treated with the monoclonal antibody against E-cadherin, MDA-
MB-231 cells showed no obvious difference in their aggregation
when compared with untreated cells, consistent with these cells
expressing very little E-cadherin, as previously reported (23, 24).
In contrast, MCF7 cell aggregation was much more impaired by
the antibody treatment. Together, these data show that E-cadher-
ins probably participate in the early cell aggregation process
during the formation of spheroids; however, as all three tumor
cell lines treated with the anti–E-cadherin antibody retained their
ability to aggregate to a certain extent (Fig. 3) and increasing the
concentration of the antibody had no additional effect (data not
shown), we conclude that E-cadherins are likely not the only
factor driving this process.

Tumor cell aggregation depends on calcium-dependent
protein–protein interactions

To investigate the other cellular mechanisms that might regu-
late cell aggregation, we first verified that proteins were necessary
to control this process by adding 0.4% trypsin to the culture
medium, which completely inhibited the aggregation process
(Figs. 2 and 3A). As this inhibition was stronger than the
effect of the anti–E-cadherin antibody, this suggests that other
plasma membrane proteins or protein domains are involved
in cell aggregation. Moreover, the complete absence of aggrega-
tion even at the earlier time points of the experiment suggests
that the aggregation observed in this assay is not driven pas-
sively by gravitational forces, but that it relies on extracellular
proteins and/or membrane proteins. As most of the protein
interactions involved in cell–cell adhesion are calcium-

RGD
(0.5 mmol/L) 

Control Trypsin 
(0.4%)

EDTA
(2 mmol/L)

Ab-ECad
(1 µg/mL)

DSC2-DSG2
(2 mmol/L)

DSC2-DSG2 +
Ab-Ecad

1 h

4 h

8 h

20 h

Figure 2.
Effects of various agents on cell
aggregation. Representative in-focus
bright-field images are shown for each
experimental condition at the
indicated time after centrifugation.
The red line shows the segmented cell
population used to calculate the area
by our automated procedure.
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dependent, as are E-cadherin interactions (25–27), we exam-
ined the inhibitory effect of EDTA on cell aggregation. When
the extracellular calcium concentration was decreased by add-
ing 2 mmol/L EDTA to the culture medium, cell aggregation
was also completely abolished (Fig. 2 and Fig. 3A). These data
show that the aggregation observed in this assay likely
involves additionnal calcium-dependent proteins other than
E-cadherins.

Desmosomal proteins also coordinate cell aggregation
We next investigated whether other members of the cadherin

superfamily may also be involved in cell aggregation. Desmogle-
ins (DSG1–4) and desmocollins (DSC1–3) are cadherin super-
family proteins located in desmosomes. Previous studies have
demonstrated that desmosomes are affected by calcium influx
into the cell (28) and that homophilic and heterophilic interac-
tions between DSC and DSG proteins generate cell aggregation
(29, 30). It has also been shown that desmosomal protein
expression may be altered during cancer development (31, 32)
and may regulate cell proliferation (33). We found that DSG2 is
expressed in HCT116 cells (Fig. 4A). To investigate the role of
DSG2 and of its interaction partner DSC2 in the cell aggregation
measured by our assay, we used peptides corresponding to the cell
adhesion recognition (CAR) sites of DSG2 and DSC2 (29).
Aggregation of HCT116 cells in the presence of these peptides
was reduced (Fig. 4B) and the kinetics of cell aggregationwere very
similar to those in the presence of the antibody against E-cad-
herin. This suggests that E-cadherin–mediated and desmosome-
mediated cell–cell adhesion both contribute to the aggregation
process. When both the CAR peptides and the antibody against E-
cadherin were added together to the culture medium there was an
additive effect on cell aggregation, suggesting that adhesion
through desmosomes and E-cadherin simultaneously coordinate
collective cell aggregation.

Cytoskeleton tension acts as an inhibitor of cell aggregation
Adhesion proteins are coupled to the cytoskeleton in the cell

cortex through complex assemblies of molecules (34, 35). Previ-
ous studies suggested that cell–cell adhesion and tension in the
cell cortexmay have opposing effects on cell aggregation (36, 37).
Cell cortex tension is duemainly to the activity ofmyosin IIa (38).

To investigate how cytoskeleton tension might influence cell
aggregation in our assay, we studied the effect of inhibiting
myosin IIa activity with a chemical inhibitor, blebbistatin, or by
silencing the MYH9 gene using commercial, validated siRNAs
(Supplementary Fig. S3A; ref. 39). Both approaches showed that
the kinetics were faster and cell aggregation was more extensive
when myosin IIa was inactivated (Fig. 5 and Supplementary

Figure 3.
E-Cadherin is not the only protein that drives aggregation. A, variation of the area occupied by HCT116 cells during the course of the aggregation assay when cells
were treated with 3.12.i.22 antibody at 2 mg/mL (control; n ¼ 8), with anti–E-cadherin antibody (Ab-Cad) at 1 mg/mL (n ¼ 29), EDTA at 2 mmol/L (n ¼ 25), or
trypsin at 0.4% (n ¼ 36). B, variation of the area occupied by MDA-MB-231 cells during aggregation when treated (n ¼ 33), or not (n ¼ 31), with anti–E-cadherin
antibody at 1 mg/mL. C, variation of the area occupied by MCF7 cells during aggregation when treated (n ¼ 26), or not (n ¼ 28), with anti–E-cadherin antibody
at 1 mg/mL. Values on the graphs correspond to mean � SEM.

Figure 4.
E-Cadherin and desmosome proteins coordinate aggregation. A, left,
immunofluorescence microscopy of HCT116 cells stained for DSG2; right, a
merged image of the DSG2 signal (green) and DAPI staining of the nuclei
(blue). Bar, 50 mm. B, variation of the area occupied by HCT116 cells during
aggregation when cells were treated with 20% PBS (control; n ¼ 24) or with
2mmol/L peptides that block the function ofDSG2 andDSC2 (n¼ 29), orwith
both 2 mmol/L peptides against DSG2 and DSC2 and anti–E-cadherin
antibody at 1 mg/mL (n ¼ 20). (As the DSC2 and DSG2 peptides were
rehydrated in PBS, an equivalent volume of PBS was added to the control as
was added to the peptide-treated cells.)
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Fig. S3B and S3C). When cell–cell adhesion was inhibited by
adding EDTA or trypsin (data not shown) toMYH9 siRNA-treated
cells, however, aggregation was totally inhibited (Fig. 5A). These
data suggest that cytoskeleton tension due tomyosin IIa acts as an
inhibitor of cell aggregation, and that the integrity of membrane
adhesion proteins remains a mandatory condition to drive the
aggregation process.

Discussion
Quantification of the aggregative properties of cancer cells

could help to predict their metastatic aggressiveness and also
their response to drugs. Although the molecular bases of cell
migration and cell–cell adhesion have been widely studied, they
do not necessarily help us to predict the collective behavior of
groups of cells. Here, we describe an easily implemented, auto-
mated method to characterize and quantify cell aggregation and
we demonstrate the dependence of aggregation on cadherin
superfamily proteins.

Cell aggregation forces, mainly produced by homotypic cell–
cell adhesion, can be counterbalanced by other forces such as
cell migration (due to matrix adhesion and motility forces).
Thus, to characterize accurately the abilities of cancer cells to
aggregate, one must uncouple these counterbalancing forces.
Our method uses an experimental set-up that totally prevents
cell adhesion to the substrate. In these conditions, the only
force driving cell movement is cell–cell adhesion, resulting in
cell aggregation.

Using this strategy, we present here a new quantitative method
basedon automatic image segmentation toquantify collective cell
aggregation. We developed an automatic procedure based on

MATLAB to detect, track cells and quantify their aggregation
kinetics as they form spheroids. We show that this strategy can
be used on genetically modified cells expressing a fluorescent
reporter as well as on unmodified MCF-7 and MDA-MB231
stained with a fluorescent marker.

We used primarily the colorectal cancer cell line HCT116 as a
model cell type to quantify cell aggregation. We treated the cells
with multiple agents to show that aggregation was an active
process, dependent on membrane proteins, and sensitive to
calcium concentration. Treatment with a specific antibody against
E-cadherin proved that this cell adhesion protein participates in
the process but cannot alone complete it. We have shown that
other proteins, such as desmosomal DSG2 and DSC2, also
participate in the aggregation process simultaneously with and
in addition toE-cadherin. EvenwhenbothE-cadherin- andDSC2/
DSG2-mediated cell–cell adhesion was inhibited, however,
cell aggregation was not entirely abolished. This suggests that
other proteins may also be involved. Other cadherins, such as N-
and P-cadherin and other desmosomal adhesion proteins
(such as DSG1, DSG3, DSG4, DSC1 and DSC3), might take part
in this process as their activities are associated with cancer devel-
opment (1, 6, 22, 30, 40). Their involvement requires further
investigation.

We also found that cytoskeleton tension, generated by myosin
IIa activity, acts as an inhibitor of cell aggregation. This observa-
tion is consistent with other studies showing that E-cadherin–
mediated adhesion is limited by the mechanical anchoring of E-
cadherin to the cell cortex (36, 37). On the basis of our findings
and previous studies, we propose a model in which the activity of
myosin IIa disrupts cell–cell adhesion (36), thus inhibiting aggre-
gation. These weak cell–cell contacts due to myosin IIa activity

Figure 5.
Cytoskeleton tension acts as an inhibitor
of cell aggregation. A, variation of the area
occupied byHCT116 cells during the course of
the aggregation assay for nontreated cells
(n ¼ 17) or cells that were transfected three
days previously with MYH9 siRNA 1 nmol/L
(n¼ 28), or for transfected cells treated with
2 mmol/L EDTA (n ¼ 22). B, bar graph
showing the reduction of the area occupied
by the cells 8 hours after centrifugation, for
cells either transfected with 1 nmol/L MYH9
siRNA three days previously or treated
with 5 mmol/L blebbistatin compared with
nontreated cells. C, representative
segmented areas of in-focus bright-field
images of nontreated HCT116 cells (control)
and cells transfected with MYH9 siRNA.
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might help cells to remodel their contacts more easily and favor
their motiility. Increased myosin IIa activity might then enhance
individual cell migration (Fig. 6). This interpretation is also
consistent with studies suggesting that cytoskeleton tension con-
trols cell–cell contact formation (37). In contrast, decreased
myosin IIa activity would increase the strength of cell–cell con-
tacts and favor the formation of group of cells. Interestingly, a
previous study reported the opposite effect of myosin IIa on
cell adhesion to the ECM; it concluded that integrin-dependent
actomyosin traction force mediates the disruption of cell–cell
adhesion during epithelial cell scattering (36). Decreased myosin
IIa activity would inhibit maturation of adhesion to the ECM and
increase migration velocity (41–43). Thus, decreased myosin IIa
activity might favor both migration and cohesion of groups of
tumor cells in ECM, which may contribute to tumor
dissemination.

If cytoskeleton function influences cell–cell adhesion, this
suggests that myosin IIa may be important in tumor develop-
ment. A recent review discussed paradoxical findings showing
that myosin IIa may have both a tumor-suppressor activity in
squamous cell carcinomas and also an invasion-promoting
activity in some cancer cell lines (38). Considering the oppos-
ing roles of myosin IIa on cell–ECM adhesion and cell–cell
adhesion discussed above, we suggest that this paradox might
arise from the fact that the tumor-suppressor activity was
measured in situations where cells were migrating on a matrix
(so myosin IIa activity would slow cell motion on the ECM),
whereas the invasion-promoting activity was measured in a
situation where cells were invading an epithelial tissue (so
myosin IIa activity would inhibit mature cell–cell adhesion
and favor cell motion in epithelial tissue). The roles of the
actomyosin cytoskeleton in cell migration in epithelial tissues
and on ECM have been studied broadly (44, 45), but more and
more studies tend to show that myosin IIa activity might have
antagonist effects on those processes (35). The environment
directly in contact with the cells, whether ECM or other epi-
thelial cells, is important for the regulation of cell migration.
Further studies will be necessary to determine definitively the
role of myosin IIa in tumor dissemination.

The experimental approach reported here can be used as a
quantitative assay to test the aggregative properties of various cell
types and it would be of great interest to investigate whether there
is a correlation between their aggregative dynamics and their
metastatic potential. Also, this assay could be useful to test the
efficacy of drugs on collective cell aggregation and tumor
formation.
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