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Abstract The SW480 and SW620 colon carcinoma cell lines derive from the primary tumour
and a lymph-node metastasis of the same patient, respectively. For this reason, these cells
represent an ideal system to analyse phenotypic variations associated with the metastatic
process. In this study we analysed the SW480 and SW620 cytoskeleton remodelling by
measuring the cells mechanics and morphological properties using different microscopic
techniques. We observed that the different specialized functions of cells, i.e. the capacity to
metastasize of elongated cells inside the primary tumour and the ability to intravasate and
resist to shear forces of the stream of cells derived from the lymph node metastasis, are
reflected in their mechanical properties. We demonstrated that, together with the stiffness and
the adhesion between the AFM tip and cell surface, cell shape, actin organization and surface
roughness are strictly related and are finely modulated by the colorectal cancer cells to better
accomplish their specific tasks in cancer growth and invasion.

Introduction

Cancer mechanics is the study of forces involved in the intricate
interplay between cells and extracellular environment. The
emerging idea in this research field is that forces acting on cells
can control biochemical signals responsible for cell
proliferation, migration and apoptosis'. Cells sense and respond
to the mechanical properties of the environment, such as the
stiffness of the extracellular matrix (ECM) or the compression
exerted by neighbouring tissues, by balancing external forces
with changes in cytoskeleton and shape remodelling® ®. This
response leads to the activation of signalling pathways of cells
spreading, growth, motility and death®.

The study of the forces that link environment and tumour cells
can help to understand the metastatic process, leading cause of
mortality among cancer patients. During this process, cells of
the primary tumour detach from neighbours, remodel the
external matrix and migrate towards the vasculature and
lymphatics. These processes require dynamic modulation of
cell shape and cytoskeleton together with changes in gene
expression®. For example, metastatic cells can detach by
altering surface proteins expression and reducing adhesion or
by altering cytoskeleton polymerization in order to acquire a
higher plasticity, increase the number of protrusions and
squeeze easily through ECM".

This journal is © The Royal Society of Chemistry 2013

Specific cellular and extra-cellular mechanical properties have
been exploited as possible biomarkers of cancer progression in
the hope of identifying physical attributes that would allow
recognizing cells that are more likely to metastasize™ °.

In this study, we compared the mechanical and morphological
features of colon cancer cell populations isolated from a tumour
and from lymphatic metastases of the same tumour®®.

Colon cancer develops in the bowel, grows through the muscle
layer of the colon or rectum and subsequently can spread to
lymph nodes in the area close to the bowel. The dissemination
of cancer cells in local lymph nodes represents an important
prognostic factor’.

To study the mechanical and morphological changes that lead
to the acquisition of metastatic ability, we used the SW480 and
SW620 cell lines that offer unique advantages for the colon
cancer study representing two different steps of cancer disease.
SW480 and SW620 cells were isolated from a primary colon
cancer in the early phase and from a lymph node metastasis
developed months later by the same patient, respectively’.

For their limited genetic variability, these cells are considered a
suitable and validated model of colon cancer progression and
are frequently used to investigate genetic and proteic changes

associated with different phases of colon cancer development”
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We analysed a set of cell parameters. First, the cell shape,
membrane protrusions and surface Roughness have been
studied by means of Scanning Electron Microscopy (SEM).
The SW480 cell line showed an increased surface roughness
and protrusion appearance in respect to the SW620 cells. Since
the spatial reorganization of cytoskeleton structure directly
affects cell shape and surface Roughness'', we used Atomic
Force Microscopy (AFM) and Confocal Microscopy to probe
the cytoskeleton structure. Alterations in cytoarchitecture are
known to increase Elasticity and/or cell deformability and are
associated with malignant transformation 2. By means of AFM,
the Cell Stiffness was quantified in terms of Young Modulus.
AFM was also used to quantify changes in non-specific cell
Adhesion between the cantilever and cell surface during
metastases. The physics of adhesion between biological cells
significantly influences and is modulated during cancer cell
movement, invasion and metastasis. Indeed tumor cells must
exhibit considerable flexibility in their adhesive interactions
since a distant metastatic formation is strongly influenced by
the new stable adhesions between cancer cells and the vessel
walls'®>. Both specific and non-specific forces together
contribute to cell adhesion and spreading processes '* '°. Non
specific forces between the cell membrane and the surrounding
tissues, based on van der Waals attraction and
hydrophobic/hydrophilic interplay, are continually modulated
during the cancer cells migration to fit the cancer cells
environment. Recent papers have reported that while specific
Adhesions of malignant cancer cells are often reduced to
facilitate their detachment from the parent tumour, the high
non-specific Adhesion force on them can strategically
maximize their adherence and invasion to diverse tissues during
metastasis'. We also observed an increase in Adhesion
between the cantilever and surface of metastatic cells which can
result in a better cell attachment to the vessel walls.

Finally, the variations in cell mechanics, probed with AFM,
were directly related to the structure of actin network imaged
with Confocal Microscopy. We found that cells during different
stages of tumour progression modulate the cytoskeleton
architecture to detach from the primary tumour or acquire new
growth capacities or the ability to use ‘“voluntarily” non-
specific interactions to become “sticky” in the lymph node.
Overall, in this paper we measured several parameters
differently related to the cell architecture to shed light on
biomechanical regulation of tumour progression.

Results and discussion

It has been previously reported® ' that SW480 and SW620
cells have different appearance in culture: most SW480 cells
have a spreading, epithelial-type morphology (E-type), while a
small fraction displays a rounded morphology (R-type). The
existence of two distinct and independent subpopulations,
displaying different growth and tumorigenic abilities within the
SW480 cell line has been previously demonstrated and it was
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shown that they stably maintain their morphologies in colture.
Cell cycle analysis performed by us (data not shown) as well by

| 7

SW480E SW48OR  SW620
other groups hasn’t evidenced differences in cell cycle
distribution between the two subpopulations®.

In contrast, SW620 cells are known to display an ovoid
morphology and form small aggregates®.

Fig. 1 SEM Morphological characterization of SW480 (E-type or R type) and
SW620 cells. SW480 cells comprise an elongated (E-type) (A) and a rounded (R-
type) (B) population both showing a large lamellipodia area with fine protrusions
emanating from it. On the contrary, SW620 cells have a rounded morphology
with a reduced number of protrusions and a less extended lamellipodia area (C).
In the insets a particular of cell surface is shown to evidence the different
roughness. Scale bar is 10 pm. (D) The SW480 line can be divided in two distinct
populations using a threshold based on Aspect Ratio of the cells. Indeed elongated
cells (E-type) have a mean AR around 2 while rounded cells (R-type) have AR of
1. The SW620 cells displayed always aspect ratio always minor than 1.5 so they
were not divided in sub-populations. Both E-type and R-type cells display a larger
lamellipodia area (E) and a higher density of filopodia (F) compared to SW620
cells. Error bars in the graphs represent SD. Statistically significant results are
marked by an asterisk (p<0.001 one-way ANOVA and Tukey’s multiple
comparison tests).

We observed clear morphological differences in SEM
micrographs (Fig.1 and Fig.1S) with a prevailing rounded shape
for SW620 cells (Fig. 1C) and mixed elongated (~ 90%) and
rounded morphology in the SW480 cultures (Fig. 1 A and B).
E-type and R-type cells in the SW480 line were analysed
separately as previously described'”: cells having an Aspect
Ratio (AR, the ratio between minor and major axis of the cell)

higher than 1.5 were considered E-type cells (Fig. 1D).

This journal is © The Royal Society of Chemistry 2012
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Fig.2 Young Moduli of SW480 cells (E-type in A and R-type in B) compared to
SW620 cells (C). Cells with the highest Young modulus were SW480 E-type, which
exhibited a larger distribution peaked at 1060 Pa. Both R-type SW480 and SW620 cells
exhibited a narrower distribution peaked at 580 Pa and 480 Pa respectively, hence
displaying a “’softer’” cytoskeleton. Non-specific cell Adhesion of SW620 cells (F) was
significatively higher than in E-type (D) and R-type (E) SW480 cells.

In SW620 cells the AR never exceeded 1.5 (Fig. 1D). This
criterion based on AR has been used also for measurements
performed with AFM and Confocal Microscopy.

of SW480 and SW620 cells
appeared markedly different in SEM micrographs. In Fig.1 A

The membrane protrusions

and B a large area around the cell body of SW480 cells is
visible with thin filaments protruding from it. These structures
are respectively the lamellipodia and filopodia, highly dynamic
SW620 cells
displayed a less extended lamellipodia area (Fig. 1C).

thin cell wall extensions of actin filaments.

Differences observed in membrane protrusions were quantified
by means of two parameters: density of filopodia along the cell
perimeter (pr) and Lamellipodia Area (A4;). The SW480 cells
displayed a higher pyr and a larger A; in respect to SW620 cells
(Fig.1 E and F). It is important to note also a sharp difference in
cell surface roughness in SEM micrographs. Indeed SW620
display a much smoother membrane compared to both
populations of SW480 line (insets in Fig. 1 A, B and C). These
surface differences can be a consequence of temporal and
spatial reorganizations of cytoskeleton structure, which directly
affects cell shape and surface roughness. Indeed the plasma
membrane is directly attached to the actin filament by spectrin
and ankyrins, a family of adaptor proteins that mediate the
attachment of integral membrane proteins to the spectrin-actin
based membrane cytoskeleton'"

Cytoskeleton mechanical properties were analysed by means of
Atomic Force Microscopy (AFM),
characteristics (force deformation curves) on cell surface (see

recording stress-strain

This journal is © The Royal Society of Chemistry 2012
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Fig.5 for a representative AFM curve for each cell type). From
the obtained curves, cell stiffness (Young Modulus) and non-
specific Adhesion between the cantilever and cell surface were
derived (see Experimental Section for details).

Fig.3 Representative confocal images of skeletonized actin in SW480 E-type (A, B),
SW480 R-type (C, D) and SW620 cells (E, F). Skeleton branches are labelled in
orange and junctions in white. For each cell the original image (A, C, E) and the actin
skeleton (B, D, F) are shown. To enhance the contrast, the actin skeleton has been
dilated in the superimposed images. Scale Bar are 10 pm.

Young Moduli of SW480 E-type or R-type and SW620 cells
are shown in Fig.2 A, B, and C respectively. SW480 E-type
cells displayed the highest values of Young modulus, with a
wide distribution peaked at 1060 Pa. Both R-type SW480 and
SW620 cells exhibited a narrower distribution peaked at 580 Pa
and 480 Pa respectively, hence displaying a
cytoskeleton. The low values of Young moduli measured
(below 1 kPa) for all cell lines considered in this study, indicate
a high deformability and compliance, typical of malignant
phenotypes"?.

The non-specific Adhesion between the cantilever and cell
surface distributions of SW480 E-type, SW480 R-type and
SW620 cells are shown in Fig. 2D, E and F, respectively. The
metastatic line SW620 displayed the highest Adhesion values
with a distribution peaked at 95 pN. The two populations of
SW480 cell line showed comparable Adhesion values with
averages around 50 pN, in accordance to the similar surface

“’softer’’

roughness observed in SEM micrographs (insets in Fig. 1A and
1B) which is known to be strongly related to cell Adhesion
properties at the nanoscale'®.

J. Name., 2012, 00, 1-3 | 3
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The high values of non-specific Adhesion between the
cantilever and cell, the smooth surface topography and the
decreased number of protrusions observed in the SW620 cells
suggested an altered actin organization. Indeed recently, several
experiments have linked variation of non-specific Adhesion
with altered cytoskeleton organization using standard
conditions and a treatment with toxic agents like cytochalasin D
or colchicine, known to affect the polymerisation properties of
actin and tubulin cytoskeletal components, respectively'> 2.
We imaged actin network organization with Confocal
Microscopy. In Fig. 2S representative confocal micrographs of
SW480 and SW620 cells are shown with actin stained with
Phalloidin in green and cell nuclei stained with Dapi in cyan.

In order to establish cytoskeleton organization differences
among cell lines, two parameters were considered: actin fibers
Coherency and Density of Junctions of actin network (o).
Coherency was calculated from the structure tensor of each
pixel in the image and is bounded between O (isotropic areas)
and 1 (highly oriented structures)'. Analysis of Coherency was
performed on the original confocal images according to the
procedure described in the Experimental section. In Fig. 3,
representative confocal images with the skeletonized actin
filaments of SW480 E-type (A, B), SW480 R-type (C, D) and
SW620 cells (E, F) are shown. Analysis of skeletonized images
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Fig.4 Analysis of actin organization (A) Average density of cytoskeleton junctions,
normalized to cell area, obtained after skeletonization of actin network on confocal
images. The number of junctions is highly reduced only in the SW620 cells. (B)
Coherency of cytoskeleton obtained with Orientation] plugin. Coherency is bounded
between 0 and 1, with 1 indicating highly oriented structures and O indicating isotropic
areas. Error bars represent SD. The coherency is markedly reduced in SW480-R and
SW620 cells. Statistically significant results are marked by an asterisk (p<0.001 one-
way ANOVA and Tukey’s multiple comparison tests).

Image analysis revealed that, as expected from the lower
stiffness values, the rounded cells have a decreased Coherency
(Fig. 4b). Indeed we measured a mean value of Coherency of
0.4 for E-type SW480 cells and around 0.2 for R-type SW480
cells and SW620 cells. On the other hand, the increased
Adhesion between the cantilever and cell surface together with
the reduced number of junctions are markers of an actin
network destructuration in SW620 cells (Fig. 4a).

To control their migratory and invasive capabilities, cancer
cells are able to reorganize both their membrane protrusions
and cytoskeleton’ ». Filopodia and lamellipodia protrusions

4| J. Name., 2012, 00, 1-3

drive cell migration by attaching to the substrate and generating
forces to pull the cell body forward, while cytoskeleton
organization influences cell shape and mechanics as well as cell
response to external forces®®.  Protrusions and, more
importantly, cytoskeleton subversion in cancer cells can lead to
changes in cell growth, stiffness, movement and invasiveness®.
In order to analyse cytoskeleton of metastastic and non-
metastatic cells, different high resolution techniques were used
in this study. Filopodia and lamellipodia protrusions and cell
surface morphology were analysed by SEM. Mechanical cell
parameters (Elasticity and Non-specific cell Adhesion) were
obtained recording Force-Distance Curves on cell surface by
AFM. Actin cytoskeleton organization was quantified by
measuring fibers anisotropy (Coherency) and networking
(Junctions density) by image analysis of Confocal Microscopy
measurements.

The specialized functions of SW480 populations, i.e. proliferate
at the primary site (SW480 R-type) or metastasize (SW480 E-
type), are reflected in cell shape and mechanical properties. We
observed that SW480 R-type display a rounded morphology
with a decreased Stiffness and actin Anisotropy (Coherency)
compared to E-type cells.

The decrease of cell Stiffness can be a consequence of a
destructuration of actin bundles (reduced Coherency) and
therefore can represent a mechanistic pathway that drives
uncontrolled growth and evasion of apoptosis'. Indeed, the
actin cytoskeleton is a major determinant for normal tissue
homeostasis. Firstly, actin interacts with adhesion molecules
and regulates stability and dynamics of cell-cell junctions,
which maintain tissue integrity and allow tissue remodelling.
Secondly, actin determines cell polarity through the localization
of specific proteins in cell membrane specific areas, enabling
cells to carry out specialized functions. When cell polarity is
lost, tissue integrity is compromised, resulting in overgrowth,
aberrant invasive behaviour and promotion of tumours®.

The higher cell deformability and actin isotropy in rounded
cells are also markers of their well-known ability to grow in
colture without anchorage * ?°. Anchorage-independent growth
is a condition where cell proliferation does not depend on
colture substrate or cell-to-cell contact and has been observed
for SW480 R-type and SW620 cells but not for SW480 E-type
cells®. It has been recently demonstrated that the HCT-8 colon
cancer cells become rounded and ‘’soft’”” when, losing the
mechano-sensitivity to the surrounding environment, gain this
ability to grow “independently”®. Similarly, SW480 R-type
cells could be a part of primary tumor cells which has lost
sensitiveness to the environment to grow uncontrollably. On the
other hand SW480 E-type cells, with a higher Stiffness, are still
capable of sensing neighbouring tissues and invade them. Cells
derived from lymph node metastasis (SW620 cells) have a
rounded morphology similarly to SW480 R-type cells and share
with them the ability to grow without anchorage. This feature is
reflected in the mean cell elasticity and cytoskeleton Coherency
values comparable to those obtained for SW480 R-type cells.
Conversely, cells surface appeared markedly altered in the
metastatic SW620 cell line, which displayed a smoother surface

This journal is © The Royal Society of Chemistry 2012
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and a decreased Filopodia Density and Lamellipodia Area in
comparison to SW480 primary tumor cells. SW620 cells are
known to have a limited migration capacity compared to both
populations of SW480 cells line®®. This feature is related to the
The
smoothness of cells surface can be a consequence of the

decreased number of protrusions on their surface.
reduction of filopodia structures and/or a marker of an
impairment of organization of cortical layer of cytoskeleton
underlying the membrane of SW620 cells®®. SW620 cells are
representative of cancer cells that have detached from primary
tumor and have invaded lymph nodes, therefore they must have
acquired specific properties to survive in the lymphatic stream.
Indeed, once in the vasculature, cancer cells are exposed to
fluid shear forces of the stream. The majority of circulating
the

microvasculature. To survive, circulating cancer cells must

cancer cells are rapidly and lethally damaged in
adhere to the vessel walls and eventually penetrate it*°. Cellular
adhesion to a generic surface is a complex phenomenon as
many simultaneous effects can affect it.

Both (i) specific and (ii) non-specific forces together contribute
to the maintenance and stability of adhesion sites required for
cell adhesion and spreading'* !°.

(i) Specific forces are present as a result of receptor-ligand
binding events between adhesion-associated proteins recruited
to the adhesion site on the cell surface and proteins on the
external environment. These recruited proteins often serve
multiple purposes ranging from physical reinforcement to
propagation of chemical signals and regulation of the adhesion
lifetime. Important to their function, the activities of these
proteins are transient; since the regulatory events governing
matrix adhesions and cytoskeletal reorganization require the
molecules involved to be intrinsically dynamic. Focal adhesions
are molecular assemblies of clusters of multiple scaffolding and
signalling proteins and their formation is based around the
ligation of integrins to a specific substrate in the ECM.
Contractile force imposed at adhesion sites and changes in cell
shape cause the clustering of additional ligated integrins and
their respective linkages to the cytoskeleton.

(i1)) Non-specific adhesion forces arise from the substrate's
physic-chemical characteristics and stability of adhesion sites
required for cell adhesion and spreading®®. As the for specific
interactions also the role of non-specific interactions in the
focal adhesions change dynamically by cytoskeletal
reorganization and are equally necessary to transmit forces
required for propulsion. Non-specific adhesion is mainly
mediated by van der Waals attraction of the surface
the

hydrophobic/hydrophilic interactions mediated by proteins and

glycoproteins  to underlying substratum and Dby
phospholipids. Since glycoproteins are prevalent components of
the surface of most cells, non-specific adhesion is a common
cellular property and in some cases non-specific adhesion can
be greater than the specific'.

both

interactions. Functionalized tip*® with an ECM protein or

Atomic force microscopy can potentially probe
peptide can specifically interact with some cell adhesion

molecules (CAMs), whereas using hydrophobic or hydrophilic

This journal is © The Royal Society of Chemistry 2012
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material (usually glass, silica, polyester, etc.) it is possible to
measure the non-specific interactions.

We observed an increase in cell Adhesion between the
cantilever and cell surface of metastatic SW620 cells which can
be consequence of an altered arrangement of the cortical actin
network underlying membrane, as demonstrated by Mescola
and colleagues®. Indeed, actin network of SW620 cells, imaged
with Confocal microscopy, displayed a reduction in the number
of junctions compared to SW480 cells. This actin network
“weakening” linearly correlates with the AFM values of non-
specific Adhesion. Therefore we suggest that modification of
the actin organization observed in SW620 cells is necessary to
become more “sticky” to vasculature walls and be more stable

in the lymphatic and blood vessels.

In several papers have been found that cancer cells are largely
softer and less adhesive compared to normal/benign cells '* 3"~
33 A biomechanics comparison between metastatic MDA-MB-
435 and non-metastatic MDA-MB-435/BRMS1 (435/BRMS1)
human breast carcinoma cells has been recently reported **.
Adhesion behaviour the
significantly different. The non-specific adhesion force was
measured at 0.434 + 0.010 nN, whereas that of 435/BRMS1
cells was 0.826 + 0.011 nN. This adhesion force difference was
ascribed to the changes in cell adhesion, cytoarchitecture, and
BRMS1-expressing Also
metastatic cancer cells and benign mesothelial cells taken from
human body cavity fluids revealed that the normal mesothelial
cells was ~33% more adhesive compared to that of the
metastatic cells '>.  This general behaviour, extensively
reported, shows that cancer cells can strategically change their
non-specific adherence and stiffness. Anyway it is mandatory
to change the paradigm, indeed cancer cells don’t become just

between two cell lines were

extracellular matrix in cells.

less “sticky” compared to the normal cells but the non-specific
adhesions can be finely modulated during all the cancer
development. In this way cells that have to squeeze through
tissues or other that have to adhere to vessel can modulate their
membrane adhesion and cytoskeleton elasticity to better
accomplish their specific tasks. Recently non-specific
adhesions have been compared for malignant metastatic cells
(HCT-8), malignant
(Caco-2), and normal monkey kidney MA104 cells. The non-
specific adhesion force for HCT-8 (metastatic) was about twice
that compared to Caco-2 (non-metastatic), and insignificant for
cells MA104 (normal)'®. In this case while specific adhesion of
malignant cells were reduced to facilitate their detachment from
the parent tumour, the higher non-specific forces were
maximized to adhere and invade the new tissues. In this
context, we measured the non-specific response of cell-type-
based surface adhesion by using AFM. Our analysis of the
existing the
lymphatic metastasis compared to bulk tumour cells revealed
that the cytoadhesion increases during the metastatic process.
We interpret this non-specific Adhesion between the cantilever
and cell surface as the result of an indispensable property

non-metastatic adenocarcinoma cells

inherent to

surface adhesive biomolecules

acquired by metastatic cells to survive to the shear forces of the

J. Name., 2012, 00, 1-3 | 5
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lymphatic stream that kills the majority of circulating cancer
cells %,

Experimental

Cell Cultures

The SW480 and SW620 human colon carcinoma-derived cell
lines were purchased from the American Type Culture
Collection (ATCC; Manassas, VA) and were maintained in
RPMI supplemented with 10% fetal bovine serum, penicillin-
streptomycin (100 U/ml), and 2 mM L-glutamine at 37°C, in a
humid 5% CO2 atmosphere, as previously reported®. All image
analysis measurements were performed on 60 cells per sample

on three independent samples.

Scanning Electron Microscopy (SEM)

For SEM imaging, cells on coverslips were washed three times
with 0.1 M Sodium Cacodylate buffer (pH 7.4) and then
incubated with 0.1 M Sodium Cacodylate buffer and 2.5%
glutaraldehyde for 4h. Then cells were dehydrated serially in
30%, 60%, 80% and 100% ethanol. Finally samples were fixed
for 30 minutes with 2% osmium tetra-oxide (OsO,). The SEM
procedures were completed by drying of the samples, and
sputtering of 8 nm gold layer as reported previously’.
Micrographs were acquired with a Zeiss Supra 25 microscope
(Germany) with a secondary electron detector.

In order to quantify cell morphology, cell axes were measured
by means of ImageJ software. From these values, the ellipse
fitting each single cell was drawn and perimeter (P) and area
(A) were calculated as follows

a?+b?
P =2m {T

A = mab

where a and b are the major and minor semi axis of the cell.
The number of filopodia per cell (Ng) was extracted from
images and normalized by the cell perimeter to obtain the
density of filopodia (pg) along the cell membrane:

_ Nr
Pr =7

In order to quantify the lamellipodia area, cell major (ag) and
minor (bg) axis, were measured without taking into account the
lamellipodia extensions. From these parameters, the cell
“body’’ area was calculated and subtracted from the total Area
(A) to recover the Lamellipodia Area (Ap):

AL =A—- Tl.'aBbB
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It was previously reported that SW480 cell line includes two
distinct subpopulations, designated as E- (epithelial) and R-
(round) type®. Therfore, in the SW480 cell line, cells belonging
to the R-type or E-type were distinguished on the basis of the
Aspect Ratio (AR) defined as:

AR = 28
bp

Cells with AR higher than 1.5 were considered E-type cells.

Atomic Force Microscopy (AFM)

Cells were kept in the cell culture medium at a constant
temperature (37°C) throughout data acquisition. Cantilevers
with a silica conical tip characterized by an end radius of ~10
nm and a half conical angle o of 20° have been used (CSC16-
MikroMasch). We used AFM silicon probes due to its high
biocompatibility and the moderate value of hydrophilicity. All
these cantilevers, with a nominal spring constant of k=~0.02
N/m, were accurately calibrated by using thermal method.
Force-distance (F-D) curves were obtained using a fixed force
speed of 4.0um/s, a
representative curve for each cell type are shown in Fig. 5. The

set point and keeping a constant

total vertical displacement was set to 12 um. F-D curves were
analyzed using the data processing supplied with the JPK
Nanowizard AFM system by applying baseline subtraction,
conversion to tip-sample separation, identification and fitting of
each jump in the retraction curve to determine the quantitative
parameters described in the text. To recover the local cell
Young Modulus (E) we analysed all the reaction forces F(J)
obtained from the approaching curves by using the pure elastic
Hertz model for conical tips to determine an approximate

starting value of E:

2E tan(a

where & is the indentation depth and v = 0.5 is the cells
Poisson’s ratio.

After an accurate Young Modulus value was obtained by using
the JKR model that accounts for the adhesion for hyperboloid
tip shape. Since adhesion and external load cause an elastic
deformation a contact area forms between the tip and the cell,
the indentation and the load respectively, can be calculated
correctly as follows:

_aArr

_((a/A)* -1 2an(1 —v*)y,
_ﬁ E+arcsm((a/A)2+1)]— B

6

and

This journal is © The Royal Society of Chemistry 2012
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_ 2 A a?-A2 ™ . ((a/A)?-1 _
F= (1-v2) [2}2 [aA + 2 <2 +arcsin ((a/A)2+1))]
a 2“”(1—U2)Y12:|
\] E

where R is the tip radius of curvature, A is equal to R-cot(a), a
is the contact radius, and vy, is the interfacial energy of the tip
and the sample.

Local cell adhesion has been extracted directly from the
absolute value of the force minimum in the retract curve®’” %%,

1.2 T T T T T
SW620

10L SW480-E SW480-R

0.6 -
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Fig.5 Representative F-D curves obtained by AFM. All extend curves are in black
while retract curves are in red for SW480 Elongated cells, in blue for SW480 Rounded
cells and in dark cyan for SW620 cells. Curves are arbitrary shifted along the x-axis for
clarity. Minimum Adhesion for each curve is labelled with a red circle.

Confocal Microscopy

For immunofluorescence cells were stained with FITC-labeled
Phalloidin (Life Technologies) and DAPI (fluotomount G with
DAPI, Electon Microscopy Sciences) as reported previously>’.
Immunofluorescence images were obtained with a multichannel
white light source with DAPI or FITC filter settings on a
CARV II spinning-disk microscope (Crisel Instruments, Rome,
Italy) by using a 60X oil immersion objective (NA 1.4). Z-
stacks were acquired for each sample. Background values
(defined as intensities below 7% of the maximum intensity)
were set to zero and coloured black as previously reported*.
Image processing and analysis was performed with ImageJ
software*!. After having measured the Aspect Ratio of each cell
in order to distinguish between elongated and rounded cells
(AR threshold= 1.5), actin organization was analysed with
different ImageJ plugins. Firstly, the Orientation] plugin has
been used to obtain the Coherency parameter as described
previously?'. The analysis of Coherency was performed on
maximum intensity projections of the acquired Z stacks.
Orientation] evaluates the local orientation of every pixel of an
image by calculating the structure tensor for each pixel. The
Coherency (C) parameter is the ratio between the difference
and the sum of the structure tensor eigenvalues and is bounded
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between O (isotropic areas) and 1 (highly oriented structures) 2
To analyze the number of knots of actin network the
Skeletonize tool of ImageJ has been used in order to segment
2D Z-projections. For each cell the number of junctions was
calculated and normalized to cell area to obtain the Density of
Junctions (p).

Statistical analysis

Data were analysed by one-way ANOVA followed by Tukey’s
multiple comparison test. A value of p<0.001 was considered
statistically significant.

Conclusions

A better understanding of cells mechanics can help to predict
growth and spreading ability of cancer cells. In order to
investigate structural differences in cellular architecture
between non-metastatic and metastatic cancer cells, we
analysed the colon cancer SW480 and SW620 cell lines, which
offer the unique advantage of representing different stages of
disease progression of the same cancer. In fact, SW480 and
SW620 cell lines were derived, respectively, from the primary
tumour and a lymph-node metastasis from the same patient.
Two distinct sub-populations have been described within the
SW480 cell line, the E-type and R-type cells, whose name
reflects their FElongated and Rounded morphology,
respectively'” *>. Though being both derived from a primary
tumour, these populations display opposite invasive properties
when inoculated in nude mice: while the E-type cells have the
ability to metastasize but form spontaneously regressive
primary tumours, R-type cells form large primary tumors
without invasion or nodal metastases*’. On the other hand, the
SW620 cell line comprises a single population of rounded
metastatic cells’.

In this article we demonstrated that cell mechanics can be
related to actin organization and showed that a decrease in cell
elasticity is accompanied by a high isotropy of actin fibers
(SW480 R-type and SW620 cells) while a decreased number of
actin network junctions is related to an increase in cell adhesion
(SW620 cells) and to a smooth cell surface. We also
demonstrated that mechanical stiffness and cell adhesion are
modulated by cancer cells during the metastatic process.

We hypothesize that regulation of cell mechanics can allow
cancer cells to acquire specialized functions essential for their
ability to grow, invade surrounding tissues and metastasize. In
particular soft rounded cells, insensitive to the environment, are
responsible for the increase of the tumour volume thanks to
their uncontrolled growth without anchorage On the other hand,
elongated and highly motile cells are more prone to invade
neighbouring tissues due to their high plasticity coupled to
sensitiveness to the ECM. In order to cope with shear forces of
the lymphatic and hematic flow, cells organize a more
“flexible” cortical actin network to increase their adhesion to
vessels: then, once a metastatic cell reaches a lymph node,
again it modulates its mechanical properties to survive in a new
environment®,
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Sketch of intestinal wall invasion occurring during colon cancer development. Regulation of cell morphology
and mechanics allows cancer cells to acquire specialized functions. In primary tumor soft rounded cells,
insensitive to the environment, are responsible for the increase of the cancer volume, while elongated and
highly motile cells invade neighbouring tissues.

In the lymph node, in order to cope with shear forces of the lymphatic, rounded cells organize a more
“flexible” cortical actin network to increase their adhesion to vessels
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