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Shape in migration
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Unsuccessful cytotoxic anticancer treatments may contribute to tumor morphologic instability and consequent
tissue invasion, promoting the selection of a more malignant phenotype. Indeed, morphological changes have been
demonstrated to be more pronounced in strongly vs. weakly metastatic cells.

By means of normalized bending energy, we have previously quantitatively defined the link between cell shape
modifications and the acquisition of a more malignant phenotype by 5-FU-resistant colon cancer cells (HCT-8FUres). Such
changes were significantly correlated with an increase in motility speed. Herein, we propose a method to quantitatively
analyze the shape of wild and chemoresistant HCT-8 migration front cells during wound healing assay. We evaluated the
reliability of parameters (area/perimeter ratio [A/p], circularity, roundness, fractal dimension, and solidity) in describing
the biological behavior of the two cell lines, enabling hence in distinguishing the chemoresistant line from the other
one. We found solidity index the parameter that better described the difference between chemoresistant and wild
cells. Moreover, solidity is able to capture the differences between chemoresistant and wild cells at each time point of
the migration process. Indeed, motility speed was found to be inversely correlated with solidity, a quantitative index of
cell deformability. Deformability is an outstanding hallmark of the process leading to metastatic spread; consequently,
solidity may be considered a marker of acquired metastatic property.

Introduction

The colorectal cancer-specific mortality rate is nearly 33% in
the developed world.! Despite many therapeutic opportunities,
prognosis remains poor for patients with advanced, metastatic
2 5-fluorouracil (5-FU) is a chemotherapeutic drug
commonly used, alone or in association, in the treatment of

disease.

metastatic colorectal cancer. Yet, despite improvement in protocol
design and drug delivery, development of chemoresistance
occurs in a high percentage of patients.’* Unsuccessful cytotoxic
anticancer treatments may contribute to tumor morphologic
instability, henceforth promoting the selection of a more
malignant phenotype.>® Indeed, morphological changes have
been demonstrated to be more pronounced in strongly vs. weakly
metastatic cells.”

Cell shape can be considered the spatial geometric
configuration acquired as a result of the integrated set of
cellular and environmental cues participating in biological
functions control.® As a consequence, measurable parameters
describing shape could be considered as “-omics” descriptors of
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the system constituted by cells and their microenvironment.’
The specific configuration a cell acquires plays a
fundamental role in modulating gene expression and complex
biological functions, and it can be considered as “the most
critical determinant of cell function.””® Thus, application of
integrative mathematical techniques to perform a quantitative

geometrical description'

promises to formalize some of the
underlying basic mechanisms underpinning the neoplastic
transformation, providing, thereby, an integrated, “systems”
framework."

In a previous study we have quantitatively defined the link
between cell shape modifications and the acquisition of a more
malignant phenotype by 5-FU-resistant colon cancer cells (HCT-
8FUres), measuring a morphological, thermodynamically linked
parameter of cell profile.' Moreover, we showed the acquisition
of new functional skills by HCT-8FUres cells is significantly
associated to concomitantly changes in cell shape. Briefly,
chemoresistant cells didn’t undergo apoptosis and overcame
cell cycle arrest after 5-FU treatment. Moreover, HCT-8FUres
cells showed a significantly higher proliferation rate in respect to
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Figure 1. Representative images of wound healing assay. HCT-8 (upper lane) and HCT-8FUres (lower lane) acquired at 320 X magnification, at 0, 3, 6, and

chemosensitive cells and migrated more rapidly. Cell migration
is a critical feature of the metastatic process,'® and methods to
quantify it would be worth of investigation in assessing efficacy
of clinical treatments."”'®

Herein, we investigate how the acquired more malignant,
invasive phenotype could be monitored by means of quantitative
shape features, able to recognize wild and chemoresistant HCT-8
migration front cells during wound healing assay. Particularly,
we focused on solidity, hypothesizing it could be a good
descriptor of cell deformability. Cellular biomechanics play an
important role in metastasis, and it has been observed across
multiple measurement platforms that cancer cell deformability
correlates with increased metastatic potential.”*? The solidity
index is relatively simple to obtain using validated software
such as Image]. Other parameters with biological meaning can
be calculated similarly: area/perimeter ratio (A/p), circularity,
roundness, and fractal dimension (FD). Hence, A/p, circularity,
roundness, FD, and solidity have been considered for their ability
to describe the biological behavior of the two cell lines, and
eventually to distinguish the chemoresistant cell line from the
other one.

Results

As expected, according to a previous work,'* after 24 h HCT-
8F Ures cells closed the open area, while HCT-8 migration fronts
are still well separated at that time (Fig. 1).We analyzed the four
shape parameters at the earlier time points (0, 3, and 6 h), and
at the final time point (24 h) of the wound healing experiments.

Area/perimeter ratio

In HCT-8 and HCT-8FUres cells, area and perimeter
increased both during migration (Fig. 2). However, HCT-8FUres
cells showed significantly higher area and perimeter values in
respect to HCT-8 cells, at each time point considered.

In both cell lines, the area/perimeter ratio (A/p) increased
with time and became significantly higher in respect to 0 h time
point from 6 h of migration (Fig. 3). In HCT-8 cells, the highest
A/p value was reached only after 24 h of migration, while in
HCT-8FUres after 6 h.

Comparing the two cell lines, HCT-8FUres migrating cells
showed a significantly higher A/p in respect to HCT-8 cells after
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6 h of migration and a significantly lower A/p after 24 h, after
they closed the open area.

Circularity.

In both cell lines the circularity values evolves similarly in
time, showing a significant change only after 3 h of migration
(Fig. 4). At that time circularity value increases in both HCT-8
and HCT-8FUres cells, even if the latter remains significantly
lower than the former. Thereafter, circularity decreased to
eventually reach the basal value (0 h).

Roundness.

Both cell lines showed a significant strong increase in
roundness at 3 h post migration. In HCT-8FUres cells this
increase is followed by a slightly (not statistically significant)
decrease, given that roundness remains significantly higher in
respect to 0 h time point. A similar behavior has been observed
in HCT-8 cells, in which, roundness reach the highest value
only after 6 h post-migration; after that time a mild decrease
in roundness value occurs, even if values was always higher in
respect to 0 h (Fig. 5). Overall, roundness is basically lower in
chemoresistant cells, yet that difference reaches significance only
after 3 and 24 h after migration.

Fractal dimension.

Given that FD has been seldom used in quantifying cell
morphology, we calculated FD for membrane profile evaluation.
Fractal values display a similar trend in both HCT-8 and HCT-
8FUres migrating cells: FD increases at the earlier times (0, 3,
and 6 h), and eventually decreases at 24 h (Fig. 6). Yet, even if
values in HCT-8FUres are higher on average in respect to HCT-8
cells, differences in between the two experimental samples does
not reach any statistical significance.

Solidity.

During wound healing the solidity index decreased after 6 h
of migration and reached its lowest level at 24 h in both cell lines
(Fig. 7). However, in HCT-8FUres migrating cells the solidity
index was significantly lower in respect to HCT-8 cells at each
time point considered.

Discussion

Migration is known to be involved in many physiological
and pathological processes, such as development, immune
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Figure 2. Area and perimeter values. Line graphs show area (upper panels) and perimeter (lower panels) mean value + SE at each time point in HCT-8
and HCT-8FUres cells.*P < 0.05, **P < 0.01 ***P < 0.001 vs. 0 h; ##P < 0.001 vs. 3 h; #£P < 0.001 vs. 6 h by ANOVA followed by Bonferroni post-test.
Histograms show Area (left panel) and perimeter (right panel) mean value + S.E., comparing HCT-8 and HCT-8FUres cell lines at each time considered.

**P < 0.01;* P < 0.0001 by unpaired two-tailed t-test.

and metastasis.?

cells undergo dramatic molecular and cellular changes by

surveillance, cancer Migratory  cancer
remodeling their cell-to-cell and cell-matrix adhesion, as well
as their cytoskeleton.’ Cell shape changes are translated into
biochemical signals, which may modulate cell phenotype and

biological properties.”* Eventually, shape changes significantly
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influence cell behavior and evolution.”?® Indeed, cell shape has
been shown to regulate biological processes such as proliferation,
differentiation, and stem cells commitment. %

As cell morphology analysis is often performed qualitatively,
parameters which could provide a quantitative measure of shape

changes are needed to closely associate those modifications to
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Figure 3. A/p parameter. Line graphs show A/p mean value + SE at each time point in HCT-8 and HCT-8FUres cells. *P < 0.05,**P < 0.01 *** P < 0.001 vs.
0 h; #P < 0.01,%#P < 0.001 vs. 3 h; #£P < 0.001 vs. 6 h by ANOVA followed by Bonferroni post-test. Histogram shows A/p mean value + S.E., comparing
HCT-8 and HCT-8FUres cell lines at each time considered. ***P < 0.001; *P < 0.0001 by unpaired two-tailed t-test.

physiological or pathological state.*3* As previously reported,
5-FU-resistant HCT-8 cells showed a significant difference in
a shape quantitative parameter in respect to HCT-8 wild cells,
and that finding is mirrored by the acquisition of higher motility
by HCT-8FUres cells." In agreement with those results, in the
present study we have analyzed A/p, circularity, roundness, and
solidity parameters of chemoresistant and wild migration front
cells at the first hours of the migration process, and at 24 h, when
HCT-8FUres cells closed the wound, while HCT-8 cells are
still about half of the path." The final goal was to describe the
biological difference observed by means of simple quantitative
morphological parameters.

The A/p parameter is a dimensionless one, and determines
if a change in cell surface is really due to a modification in cell
membrane dimension. Comparing the A/p with the separately
considered area and perimeter data, we observed that both
HCT-8 and HCT-8FUres migrating cells increased their surface
regularly over time. When HCT-8FUres cells closed the open
area (at 24 h), their A/p value became significantly lower in
respect to HCT-8 cells. As shown in Figure 2A, this was due to
a higher increase of the HCT-8FUres cells perimeter in respect
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to their area. It is likely that this turnaround mirrors the fact
that cells closing the open area of wound healing assay are close
enough to establish links with each other, stretching themselves
and making their perimeter higher than their area.

Basically, the higher circularity values are, the higher the
trend for a cell to assume a circular shape is. In both HCT-8 and
HCT-8FUres migrating cells, circularity significantly increased
after 3 h of migration and then decreased, returning to values
similar to those at 0 h. This could be due to transient cytoskeletal
rearrangement the cells require to protrude and migrate. In
HCT-8FUres cells, circularity was significantly lower in respect
to HCT-8 cells from 3 h post migration. Indeed, chemoresistant
cells showed to be less rounded, spindle shaped, and protruding.

Roundness biological significance does not significantly differ
from that of circularity, and indeed, both cell lines showed a
significant strong increase in roundness at 3 h post migration.
This parameter remains higher in respect to 0 h in both HCT-8
and HCT-8FUres cells, even if in HCT-8 cells a significant
decrease at 6 h post-migration in respect to 3 h post-migration
was noticed. This could be due to the introduction in the
roundness formula of the major axes variable, which makes this
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Figure 4. Circularity parameter. Line graphs show Circularity mean value * SE at each time point in HCT-8 and HCT-8FUres cells. **P < 0.01 vs. 0 h; ##P
< 0.001 vs. 3 h; £ P < 0.001 vs. 6 h by ANOVA followed by Bonferroni post-test. Histogram shows Circularity mean value + S.E., comparing HCT-8 and
HCT-8FUres cell lines at each time considered. *P < 0.05; ***P < 0.001 by unpaired two-tailed t-test.

parameter strongly influenced by cell dimension. Nonetheless,
comparing the two cell lines HCT-8FUres showed to be less
rounded, displaying so far a spindle-like profile.

FD often proved to be a useful parameter to characterize
cell shape.#?®% The trend FD assumed characterized well the
migration process. Indeed, at earlier times of migration FD
increase markedly, although not significantly, in both cell lines.
However, in our model FD was not able to describe differences
between HCT-8 and HCT-8FUres cells.

Solidity describes in geometrical terms the stiffness and
deformability of an object. Thus, the higher the solidity is, the
lower the cell deformability. The decrease of solidity in both cell
lines during the wound healing assay demonstrate that this index
is able to describe the progression of migration process in which
cells would be deformable enough to increase their motility
and invasiveness. HCT-8FUres cells had significantly lower
solidity values at every time considered in respect to HCT-8 wild
cells. These data are reflective of a lower stiffness and higher
deformability of HCT-8FUres cells. Taking into consideration
that deformability represents a hallmark of cancer metastatic
potential,* solidity change could be therefore a reliable indicator
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of the transition from a non-metastatic toward a metastatic,
highly invasive phenotype.

Overall, such results indicate solidity as a more valuable
parameter in describing not only the difference between
chemoresistant and wild cells, but also the changes each cell
line undergoes during migration. Furthermore, solidity is able
to capture the differences between chemoresistant and wild
cells at each time point of the migration process. Solidity is
inversely correlated with deformability, and as such, it would be
considered a measurable feature of a specific biological property.
The increased deformability of cancer cells is accompanied by
modified metastatic competence. For example, cancerous MCF
7 cells are more deformable than the normal MCF 10, and the
metastatic Mod MCF 7 cells are even more deformable than
MCEF 7 cells.?’” Indeed, the solidity index is a useful parameter to
describe in geometrical terms the stiffness and deformability of
an object, and it is related to its spatial complexity.® Moreover,
elastic deformability of epithelial cells is required in cancer
metastasis to penetrate through the endothelial layer, and it has
been suggested that significantly enhanced propensity of the
cell to accommodate deformation facilitate rapid and reversible
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Figure 5. Roundness parameter. Line graphs show roundness mean value + SE at each time point in HCT-8 and HCT-8FUres cells. *P < 0.05, **P < 0.01 vs.
0 h; P < 0.05 vs. 3 h by ANOVA followed by Bonferroni post-test. Histogram shows roundness mean value + S.E., comparing HCT-8 and HCT-8FUres cell
lines at each time considered. *P < 0.05; **P < 0.01 by unpaired two-tailed t-test.

“squeezing through” and migration of epithelial gastrointestinal
tumor cells through size limited pores.?” Thus, measuring a cell’s
solidity should be useful, and may be viewed as a new biological
marker.! Namely, solidity index could be deemed a simple and
reliable parameter in evaluating the malignant and metastatic
potential of cancer cells.

Materials and Methods

Chemicals and drugs.

5-Fluorouracil (5-FU), which was dissolved in Dulbecco’s
modified Eagle’s medium (DMEM) (1 mg/ml) before use, was
purchased from Teva Pharmaceutical Industries Ltd.

Cell culture.

The human colon cancer cell line HCT-8 was obtained from
the European Collection of Cell Cultures (ECACC). Cells were
seeded into 25 cm? flasks (Falcon; Becton Dickinson Labware)
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and antibiotics (penicillin
100 IU/ml, streptomycin 100 pg/ml). The cultures were kept at
37 °C in an atmosphere of 5% CO, in air, and the medium was
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changed every third day. At confluence, the cells were subcultured
after removal with 0.05% trypsin- 0.01% EDTA.

Induction of HCT-8 5-FU resistant line (HCT-8FUres).

HCT-8 cells were used to develop a 5-FU- resistant line,
according to Pasqualato et al.* When the cells were in their
exponential growth phase, they were treated with 5-FU at 0.1 pg/
ml, and the surviving cells were cultured to confluence for three
passages. The cells that survived were exposed to 0.5 pg/ml 5-FU
and, after three passages, to 1.0 pg/ml 5-FU. Finally, the surviving
cells were exposed to the clinically relevant plasma concentration of
2.0 pg/ml. The surviving resistant cells were named HCT-8F Ures.
These cells were continuously cultured in 2.0 pg/ml 5-FU, while
wound healing assay was performed in DMEM 10% FBS.

Wound healing assay.

The wound healing assay was performed using special
double-well culture inserts (80209, ibidi GmbH), as previously
described.” Each insert was placed in a well of a G-well plate
(Falcon; Becton Dickinson Labware). We use three insert for
each condition (HCT-8, HCT-8FUres) and 70 pl of each cell
suspension (prepared at the concentration of 5 x 10° cells/ml)
were placed into both well of each insert. After cells attachment,
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Significance was calculated by unpaired two-tailed t-test.

Figure 6. Fractal dimension. Line graphs show FD mean value + SE at each time point in HCT-8 and HCT-8FUres cells. Significance was calculated by
ANOVA followed by Bonferroni post-test. Histogram shows FD mean value + SE, comparing HCT-8 and HCT-8FUres cell lines at each time considered.

media were replaced with DMEM 1% FBS. After 24 h, the culture
inserts were gently removed and cells were fed with DMEM 10%
FBS, as stimulus to migration. Plates were then incubated at
37 °C in an atmosphere of 5% CO, and migration front cells
were photographed at 320X magnification with a Nikon DS-Fil
(Nikon Corporation) camera, coupled with a Zeiss Axiovert 10
optical microscope, at 0, 3, 6, and 24 h, time at which HCT-
8FUres are known to close the open area.'

Image analysis.

Image analysis was performed on 46 images for HCT-8
cells and 41 images for HCT-8FUres cells. As the analysis was
performed blindly, the two image groups were classified as A
(HCT-8FUres) and B (HCT-8). In each image, single randomly
chosen cells were contoured with a fine black marker by different
researchers, simply scanned and cataloged according to the time
of study: 0, 3, 6, and 24 h (Fig. 8A and Table 1). This method
was chosen because pathologists use to correlate the shape the
cells acquire with their malignancy by means of morphological,
qualitative, and subjective observations. Thus, we decided to
perform a semi-automatic analysis, coupling the expertise of
researchers with a computerized parameterization method.

456 Cell Adhesion & Migration

All the images were processed by Adobe Photoshop CS4.
All the pictures (i.e., all the sheets of group A and group B, for
each time point) were resized at 2560 x 1920 pixels according to
original scale of image acquisition. For each black contoured cell,
edges were refined. Then cells were black filled and threshold
was adjusted in order to exclude from the image other cells and
background. For each time point a single sheet of all the cells
considered was created (Fig. 8A).

To obtain single cell shape parameters (area A, perimeter p,
circularity, roundness, fractal dimension FD, solidity), Image]
v1.47h software was used. To calibrate the software, the open area
pixel size at 0 h point was used, because the wound healing insert
allows the creation of an exact 500 pm cut (Fig. 8B). As this cut
showed to be 1008 pixels long, the pixel size was 0.496 pm.

Then, the software analyzed single cells, by the function
“shape descriptor.” In addition to area A and perimeter p, were
calculated:

4w A

2

20

Circularity
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Figure 7. Solidity parameter. Line graphs show solidity mean value + SE at each time point in HCT-8 and HCT-8FUres cells. *P < 0.05, **P < 0.01, ***P <
0.001 vs. 0 h; ## P < 0.001 vs. 3 h; #P < 0.01, 4P < 0.001vs. 6 h by ANOVA followed by Bonferroni post-test. Histogram shows solidity mean value + SE,
comparing HCT-8 and HCT-8FUres cell lines at each time considered. *P < 0.0001 by unpaired two-tailed t-test.

Roundness 44

JTN ma (2)

Solidity =i
CA 3)

Where A is the area of the cell, p is the perimeter of the cell,
ma is the major axis, and CA is the convex area, namely the area
of the convex hull of the region. The segment used to he convex
hull of a region is the smallest region that satisfies two conditions:
(1) it is convex (2) it contains the original region.

As for FD, it was obtained by means of box counting method
using FracLac plugin:

FD=1lim 1- w
£=0 loge

(4)
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Where C'is the considered curve, L is the length of the curve
C, and ¢ is the length of the segment used as unit to calculate L.

For each parameter a macro was created, and results were
saved in Microsoft Excel format, to obtain area-perimeter ratio
(4), and the mean and relative standard error.

A/p=é
P (s

Finally, single graphs about area/perimeter ratio (A/p),
circularity, roundness, FD, and solidity were obtained for each
set of images.

Statistical analysis.

All data are expressed as mean values + standard errors (S.E.)
and statistical analysis was performed using unpaired two-tailed
t-test, when HCT-8 and HCT-8F Uresresults were compared. To
show the evolution in time of each parameter in a single case
(HCT-8 or HCT-8FUres cells), statistical analysis between
values of each time point was performed using ANOVA, followed
by Bonferroni post-test.
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Figure 8. Schematization of the image analysis method. (A) Example of scanned images from group A (A, HCT-8FUres), and group B (B, HCT-8) after 6 h of
migration. Single cells were contoured with a fine black marker. The second panel shows a group B (HCT-8) representative image after post-production
by Photoshop taken after 6 h of migration. The third panel shows an example of sheet grouping cells analyzed of the same image. (B) Example of

zoomed image of a single cell with an overlapped grid. The width of a single square side is 10 pixels, that is 4.96 um.

Table 1. Number of cells analyzed for each group and time point

Differences were considered significant at the level of P <

0.05. Statistical analysis was performed by using Graph-Pad
Instat software (GraphPad Software, Inc.). Time Group A (HCT-8FUres) Group B (HCT-8)
Method’s  reproducibility has been established by h Number of cells analyzed Number of cells analyzed

evaluating the statistical significance of differences emerging 0 . 16

when different operators performed the same analysis (inter-

variability difference). Indeed, differences in recorded in 3 13 160
measuring the same parameters by different, skilled operators 6 116 121

does not reach any statistically significant difference (data 24 94 157

not shown), and were below the threshold limit of 5% of the
average value.
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