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Abstract

When traction forces are generated in the cells underlying
extracellular matrix (ECM) including artificial scaffolds, the cells
feel essentially stiffness of the surrounding microenvironment
and respond to applied forces and exert forces in the matrix,
in which the traction forces can change cellular morphology
To date,
morphology, including quantitative measurements such as

and cytoskeletal structure. analysis of cell
cytoplasm roundness, cytoplasm elongation factor, nuclear
elongation factor, ratio nuclear area to cytoplasm area ratio
(AW/Ac), nuclear dimension, and nuclear height, has been
widely used in cancer diagnostics and hematology. Increasing
evidence suggests that the extracted morphological features
such as cell area and the length of major and minor axes, could
also be used to analyze the dynamic changes of cells in
diseases of the nervous system and cellular stress related
phenomena.  Furthermore,  multivariate  analyses  of
morphological data suggest that quantitative cytology may be
a useful adjunct to conventional tests for the selection of new
substances.

Thus, understanding the interaction between microenvironment
and cancer cells via cellular morphology is critical subject to
tackle metastatic spread of cancer cells and its many
associated issues. In this topic, the cellular morphological
parameters and functional characteristics of cancer cells are
summarized.
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1. Introduction

Mechanotransduction is well known as a key
role in physiological processes in regeneration,
homeostasis, aging, and disease!. Figure 1
shows the direct physical signal transmission
pathway and indirect mechanochemical signal
transduction from the extracellular matrix
(ECM)#4. Via actin organization the direct

mechanical stimuli from ECM are transmitted,
at the same time indirect biochemical signals
are generated, where the Ras-Raf-MEK-ERK
signaling is well known as the regulation of
cell fate and proliferation of mesenchymal
stem cells (MSCs)®7.. Changing in the material
features of ECM influences the force balance
between cells and ECM.
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Fig. 1. Direct physical signal transmission pathway and indirect mechanochemical signal transduction

from the ECMZ%. Via integrin transmembrane molecules into the cytoplasm mechanical stimuli are

transmitted (right). (Copyright 2015. Reproduced?).

Such forces can change nuclear morphology
and cytoskeletal structure due to the traction
force generation®, which influence cell
response and cell fate (chromatin remodeling
and DNA unzipping”. When the traction
forces are generated in the cells underlying

substrate the cells feel stiffness essentially!"?.

The cells apply greater traction forces to
develop more stable and distinct focal
adhesion (FA). Owing to the well-organized
actin fibers, the cells spread more extensively
on the surfaces with rigid property than on
soft (compliant) surfaces (Figure 2).
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Fig. 2. Cells apply traction forces their underlying

substrate, essentially “feeling” this stiffness®?. In

general, cells generate greater traction forces, establish more stable and distinct focal adhesion (FA), and

form more defined actin stress fibers (red) and spread more extensively on rigid substrates than on

compliant substrates. Soft substrates are beneficial for a neurogenic or adipogenic differentiation, stiff

substrates are beneficial for an osteogenic differentiation, and substrates of an intermediate stiffness favor

a myogenic lineage commitment, for “tissue cells feel and respond to the stiffness of their substrate”t 7.

When cells embedded within a soft (collagen)
3D  scaffold
aspartate (Arg-Gly-Asp) (RGD) sequences, the

without  arginine-glycine-
FA proteins could not generate aggregates.
the FA dispersed through the
cytoplasm widely. Via mechanotransductive

However,

processes, these proteins are still indirectly
affected in speed of motility and modulating
cell traction despite the lack of stable FAI.

To date, extensive efforts have been made in
this FA

formation (F-actin network), traction forces,

complex interrelation between
and extracellular cues via nanoscale surface
topography on the substrates to precisely

control stem cell fate.

2. Cancer invasion
The cell-ECM interactions regulate signaling

and gene expression that underlie cellular

processes in migration and cancer invasion.
the
microenvironment and cancer cells is also

Understanding interaction  between
critical subject to progress in the cancer
n213 - As the

mechanotransduction, cellular microenvironment

treatment mentioned in
plays a pivotal role to form tissues and
maintain homeostasis by interacting each
other. Cancer destroys the normal balanced in
the microenvironment via the induction of
ECM These

induced expression,

aberrant reconstruction.

disruptions gene

proliferation, and migration to promote

cancer malignancy!™,

Especially, ECM seems to have a crucial role
for cancer progression because stiffening and
aligned ECM is observed in the vicinity of
tumors. During cancer progression cancer

cells and fibroblasts mainly reconstruct the

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/3779

3



https://esmed.org/MRA/index.php/mra/article/view/3779

Medical
Research
Archives

Cellular morphology and functional characteristics of breast cancer cells

aberrant ECM. The cells do not simply
recreate the ECM and the remodeled ECM
provides biochemical and biophysical cues to
the neighboring cells (cancer cells and stromal
cells) to promote cancer progression!’®.
Thus, the cell-ECM interactions should be
elucidated to understand mechanism of the
cancer progression. To solve this profound
subject, artificial ECM is required which

mimics in vivo environment.

Cancer cells also receive mechanical cues
from artificial ECM". It has been reported
that rigid substrates progress malignant
phenotypes  via  integrin  dependent
regulation®?', Furthermore, several researchers
suggested that the stiffness of substrate is
highly associated with the cellular apoptosis,
growth and motility???4, Generally the cancer
cells prefer stiffer substrates and the
proliferation and motility were enhanced
when they were cultured on stiffer substrate.
In addition, Ishihara et al. reported that the
transcription factor, nuclear factor kB (NF-kB)
is activated by stiff substrate via actomyosin
contractions®. As NF-kB is associated with
adhesion and

should  be

inhibited. Collagen fibers nearby tumor tend

the cellular proliferation,

apoptosis®®!, its  activation
to be aligned and cancer cells reorganize
collagen fibers to be aligned. This collagen
tumor

alignment contributes the

progression?’ 28

The capability of metastatic cancers to shift
motility modes is one of the main features of
invasion. The tumor microenvironment is able
to elicit epithelial-mesenchymal transition
(EMT), where an epigenic program leads

epithelial cells to lose their cell-cell and cell-

ECM interactions to undergo cytoskeleton
reorganization and to gain morphological and
functional characteristics of mesenchymal

cells.

Artificial nanofiber substrates can induce EMT
for some breast and lung cancer cells®3",

Considering  these findings, designing
substrates properties have possibilities to
control not only EMT but also vascularization
and inflammation phenomena. In addition,
these phenomena are important not only for
cancer  progression but also tissue
the cell-ECM

interactions have not been elucidated yet.

regenerationt3¢,  However,
The cancer therapies with poor prognosis
prompt us to conduct a novel study on an
That is,
breakthroughs in effective cancer therapies

effective cancer  therapy.

are imperative.

3. Cellular morphology and metastatic
features of cancer cells
Okamoto group reported new findings in
2017%. Their study was aimed to assess the
combination of both surface topographies
(fiber alignments) and different stiffness of the
polymeric substrates poly(L-lactic acid) (PLLA)
with an elastic modulus of 2 GPa and poly(e
caprolactone) (PCL) with an elastic modulus of
0.15 GPa) to evaluate the effect on the cellular
morphologies, proliferation, motility and
gene expression regarding EMT of two
different types of human breast cancer cells
(MDA-MB-231 and MCF-7).

morphologies  (roundness  and

The cellular
nuclear
elongation factor), E-cadherin and vimentin
expression, and cellular motility in terms of

cellular migration speed, persistent time and
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diffusivity were discussed comprehensively. influences cancer progression and metastatic

They have demonstrated that the potential.

microenvironment of cell culture substrates

(a) MDA-MB-231
Flat Aligned Random

PCL

(b) MCF-7
Flat Aligned Random

PLLA

PCL

Fig. 3. Morphological comparison of different type of breast cancer cell lines cultured on different
substrates for 3 days. (a) MDA-MB-231 and (b) MCF-7. Immunofluorescence of breast cancer cells was
imaged with Hoechest 33342 (blue), phalloidin (green), and E-cadherin antibody (red). Scale bar 100 ym.
Arrows indicate the aligned fiber direction of the substrate. (Copyright 2017. Reproduced®”).
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Figure 3 shows cellular morphology of MDA-
MB-231

cultured on different substrates (flat substrate,

and MCF-7 breast cancer cells

designated as F-; aligned fiber substrate, A-;
random fiber substrate, R-) at day 35738, The
corresponding morphological parameters are
summarized in Figure 4. For MCF-7 cells
incubated on all substrates, E-cadherin (red
fluorescence) was detectable and localized at
(borders),
aggregate

the intercellular boundaries

indicating the  multicellular
(colonization) of the cells (Fig. 3(b)). On the
other hand, such aggregation of MDA-MB-
231 cells is not observed (Fig. 3(a)), but the
cells are elongated and arranged to fiber
direction when the cells are incubated on the
aligned fibers substrates. For MDA-MB-231
cells under normoxic condition (20% O5), both
cytoplasm and nuclear elongation factors
show much higher values in both the PLLA
and PCL substrates (Fig. 4(b) and (c)) as
compared to those of MCF-7 cells (data not
shown: see Figure 4 in ref.B®). The similar
trend is observed in hypoxic condition (Fig.
4(b") and (c").

The nuclear elongation factor (Fig. 4(c) and
(") and the nuclear area to cytoplasm area
ratio (An/Ac) (Fig. 4(d) and (d")) represent the
extent of stresses are transmitted to nucleus.
With this in mind, MDA-MB-231 cultured
on A-PLLA
spread
morphologies. For MDA-MB-231  cells
cultured on both R-substrates under both

under normoxic condition

exhibited more elongated and

oxygen concentration conditions (1% and
20% O), smaller value of nuclear elongation
factor was observed. This indicates that the

cell stretching is restricted with R-PCL

substrate and the more circular morphology
of the cells is overwhelming (Fig. 4(a), (c), (")
and (c')). As seen in Fig. 4, the hypoxic
treatment had no remarkable effect on both
cell’s morphologies.
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Fig. 4. Quantification of the cellular morphologies of cytoplasm roundness ((a) and (a")), cytoplasm elongation factor ((b) and (b"), nuclear elongation factor ((c)

and (c') and nuclear area (Ay) to cytoplasm area (Ac) ratio (Av/Ac) ((d) and (d') as boxplots for MDA-MB-231 cultured under normoxic and hypoxic conditions at

day 7. PLLA, poly(L-lactic acid); PCL, poly(e-caprolactone). (Copyright 2019. Reproduced?®).
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The cellular morphological parameters are
chosen to clarify the relationship between
morphology induced by physical properties of
substrates and gene expression of typical
EMT markers. Relative TGFB (Figure 5), HIF1A
(Figure 6), and Vimentin (Figure 7) expressions
are plotted as a function of morphological
parameters. For MDA-MB-231 cells under
both oxygen concentration conditions, linear

relations between four cellular morphologies
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An/Ac and TGFB and HIF1A expression are
PLLA substrate with different

stiffness, indicating the elongation of cells

found on

induces the expression of both genes. In
addition, the significant increasing of slope in
the linear relation under hypoxia, this
evidence suggests hypoxia upgrades EMT in

MDA-MB-231 cells on PLLA substrate.
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Fig. 5. Relationships between gene expression of TGFB and morphological parameters (cytoplasm

roundness (a), cytoplasm elongation factor (b), nuclear elongation factor (c), and nuclear area to cytoplasm
area ratio (Ax / Ac) (d)) for MDA-MB-231 cultured on three type of PLLA substrates under normoxic and
hypoxic conditions at day 7.GAPDH, glyceraldehyde-3-phosphatase dehydrogenase. (Copyright 2019.

Reproduced®®).
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Fig. 6. Relationships between gene expression of HIF1IA and morphological parameters (cytoplasm
roundness (a), cytoplasm elongation factor (b), nuclear elongation factor (c), and nuclear area to cytoplasm
area ratio (Ax / Ac) (d)) for MDA-MB-231 cultured on three type of PLLA substrates under normoxic and
hypoxic conditions at day 7. GAPDH, glyceraldehyde-3-phosphatase dehydrogenase. (Copyright 2019.
Reproduced?®).
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Fig. 7. Relationships between gene expression of Vimentin and morphological parameter (ratio of Ay and
Ac) for MDA-MB-231 (a, b) and MCF-7 (a’, b’) cultured on six different substrates under normoxic and
hypoxic conditions at day 7. GAPDH, glyceraldehyde-3-phosphatase dehydrogenase. (Copyright 2019.

Reproduced?®).

A significant level of repression in Vimentin
expression with increasing of area ratio
(Av/Ac) is observed (Fig. 7) in both MDA-MB-
2317and MCF-7 cancer cells under both
oxygen concentration conditions. The slope
condition reflects the

under  hypoxic

upregulation  of  EMT  phenomenon.
Interestingly, the cells on the PCL substrates
can downregulate Vimentin expression
compared with on the PLLA substrates.
Schrader demonstrated that the

Vimentin expression was upregulated with

et al.

10
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increasing stiffness of substrate®”. In their
study, the PLLA substrate is more favorable to
enhance Vimentin expression for both cancer
cells because of the synergetic effect of fiber
alignment and stiffness.

For MDA-MB-231 cells on PLLA substrate,
they reported that relative CDH1 (E-cadherin)
expression has no relation to the
morphological parameters or the elongation
of cells. This behavior is consistent with the
results of MCF-7 cells incubated on PLLA
substrate, where the elongation of cells

inhibits the repressions of E-cadherin®. In

addition, the expression of CDH2 (N-
cadherin) in MDA-MB-231 cells on PLLA
substrate exhibits similar relation in the

elongation of cells. Given the fact that both
cadherin expressions in cancer cells may be

0.5 ~——r———r T
(a) ——Hypoxia |
——Normoxia |
04| i
=
=) > ]
A&~ 03F R™=0.930 -
< ]
9
0.2
<
p.d
@« 0.1Ff
0 . 1.
0 0.1

A A
N “c

not responsible for the cellular morphologies
although the upregulation of CDH2 and
downregulation of CDH1 are undergoing in
both cancer cells of the PLLA substrate.

In each of the substrate conditions tested in
this study, the topographical effect on EMT is
much more beneficial for mesenchymal type
(MDA-MB-231) cells than epithelial type
(MCF-7) cells, in which significant changes of
SNAI2 and ZEB1 are evident for MDA-MB-231
cells (Figure 8). The transcription factors
associated with EMT (SNAI2 and ZEB1) are
activated by both hypoxic condition and
elongation of cells. They also found that the
elongation of cells promotes the upregulation
of the transcription factors in MDA-MB-231
cells.
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Fig. 8. Relationships between gene expression of SNAI2 (a) and ZEB1 (b) and morphological parameter
(ratio of Ay and Ac) for MDA-MB-231 cultured on three type of PLLA substrates under normoxic and

hypoxic conditions at day 3. GAPDH, glyceraldehyde-3-phosphatase dehydrogenase. (Copyright 2019.

Reproduced?®).
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4. Morphological change of cancer cells
and cancer diagnosis

With digital holographic microscopy (DHM)

the morphological analysis and dynamic

behavior of cancer cells without contrast

reported®.  The

technique for gynecologic cervical samples

agents was suitable
instead of cytology Papanicolaou (Pap) test
was demonstrated*'. The normal cells images
of Pap test showed superficial cells with small
nuclei. In contrast, the abnormal cell images
revealed superficial cells with larger, irregular
nuclei. Benzerdjeb group identified the DHM
criteria that could differentiate the abnormal
cells. The best diagnostic criteria were the
greatest nuclear dimension (ND), maximum
height (MHN), and
cytoplasmic ratio (Ax/Ac)). By using a cutoff

nuclear nuclear-to
value for the ND and Av/Ac we may establish
to build an automated algorithm for the
selection of abnormal cells.

Combining with machine learning for data
analysis DHM images are a powerful tool to
distinguish SW480 colon cancer cells in
suspension from white blood cells®d. In
addition, DHM analysis with deep learning
neural networks is to discriminate between iso
genic cell lines of different metastatic stage!*?,
and distinguish healthy and nutrient-deprived
cancer cells®. Furthermore, there is the
potential for cancer cell cycle tracking to
identify cancer cell behaviors such as
morphologically distinct motility patterns. This
leads to targeting mechanisms of cancer
growth and anticancer drug susceptibility®*?.
Assessing cell morphology in relation to

contractile and stress-resistant cytoskeleton

has linkage between phase signal from the
cell border, and/or with nucleus. As discussed
in section 3, cell morphology of different
cancer phenotypes provides a quantitative
method to distinguish different effects of

cancer biomarkers.

5. Cancer cell migration

The relation of the morphological change of
cell to EMT biomarkers may support the
mechanism of cancer migration and
of EMT s

believed to promote tumor cell motility and

invasiveness. The induction
invasion. Using polymeric gel substrates with
different viscoelasticity as microenvironment
of cell culture substrates that influences
cancer progression and metastatic potential,
Okamoto group have examined the effect of
the viscoelasticity on the direct relation
between cellular motility and mesenchymal
properties with induction of EMT in MDA-MB-
231 cells. The MDA-MB-231 cells cultured on
gel substrates showed different cellular

morphologies and these morphological
differences were robustly correlated with
cellular migration speed (S) and damping
coefficient (tand) of gel substrates (not
substrate stiffness: elastic modulus). The
linkage between the acquisition of the
mesenchymal phenotype in the cells through
the induction of EMT mediated by stiffer
substrate and the promotion of the cellular

motility were not observed“l,
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Fig. 9. Representative trajectory of MDA-MB-231 cells cultured on five different gel substrates under hypoxic condition over 16 h at day 3. The data were
obtained in 300 x 300 pm?. (Copyright 2019. Reproduced“®).
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The representative recorded trajectories of ~ migration with a significant decrease in
both breast cancer cells cultured on different  displacement than that on TCP-coat. This
substrates of acrylamide-based copolymer  trend is supported by the substrate surface
(AC) gels with different storage moduliranged  that coated with type-I| collagen.
from 32 to 1,510 Pa and type-I collagen o .
. Cellular migration speed (S) iwas plotted as a
coated plates ((TCP)-coat) under hypoxic , i
- ) function of morphological parameters of
condition over 16 h at day 3 point are shown
in Figure 9. For MDA-MB-231cells on AC-soft
(storage modulus (G') of 32 Pa) and AC-mid

(G' of 174 Pa) substrates, their migrations are

cytoplasm roundness, Aw/Ac, and nuclear
elongation factor. For MDA-MB-231 cells in
hypoxia, linear relations between three

cellular morphologies and migration speed
restricted compared to those on AC-stiff (G’

of 1,510 Pa), TCP-coat, and TCP (G' of 1.4

GPa), while the cells migrated in random

are found on all substrates with different
stiffness  (except TCP), indicating the
elongation of cells enhances the cellular
directions. As expected, increasing in stiffness motility (Figure 10). The decreasing in
of the substrates leads cells to move generally cytoskeletal stiffness (Av/Ac), which is equal to
(Fig. 9(c)) and farther away with higher motility  the increasing in cellular spreading factor, is
(Fig. 9(d)) regardless any direction. Another also beneficial to understand the metastatic
interesting feature is that both cells cultured potential under both oxygen concentration

on TCP have some adverse effect on conditions!*!,

@ ® Ac-soft (b) ' © o /
10° | 1 10° | 1 10° L -
o —=_R*=0.900 U R*=0.962 ] —
o o 1 o
;7; £ £ ] £ . R=0740
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Cytoplasm roundness AnfAc Nuclear elongation factor

Fig. 10. Relationships between cellular migration speed (S) and morphological parameters of cytoplasm
roundness (a), Av/Ac (b), and nuclear elongation factor (c) for MDA-MB-231 at day 3 cultured under hypoxic
condition on four different substrates. (Copyright 2019. Reproduced“4).

On the other hand, the migration speed (S) in Although the stiff substrate increased cellular
MDA-MB-231 cells under hypoxia was  motility, as discuss in many papers, their
significantly upregulated with decreasing in results found that the migration speed is not
damping coefficient (tan¢) (Figure 11(a)). robustly correlated with substrate stiffness
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(relative storage modulus (G'/p) with substrate
11(d)). This
suggests that the damping is the driving force

density (o) in Figure result

of the cellular migration in rather more-

interestingly, tand promotes the persistent
time (P) in a log-log linear relation compared
11(e)). This behavior
consistent with the results of the cellular

to G'/p (Figure is

invasive MDA-MB-231 cells. In addition, diffusivity (D) (Figure 11(c) and (f))"¢.
; 10' ; 10’ S
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ol - R=0.976 |
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E \ £ 10} 1&
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Fig. 11. Relationships between cellular migration speed () ((a) and (d)), persistent time (P) ((b) and (e)),

and cellular diffusivity (D) ((c) and (f)) against damping coefficient (tand) and/or relative storage modulus
(G'/p) for MDA-MB-231 cells at day 3 cultured on four different substrates in hypoxia. (Copyright 2019.

Reproduced®).

The extensive studies have been made in
mechanotransduction via surface topography
and stiffness on the substrates, in which the
cells respond to applied forces and exert
the (ECM)B.2:47.48]

Essentially, the cells feel stiffness, however,

forces in substrate

tand value might be more favorable to

understand the basic of cell-ECM interactions
and mechanotransduction. For this reason,
tand value has robust correlation to the
morphological of cytoplasm
roundness  (deformability) and

spreading factor (Av/Ac) in MDA-MB-231 cells

[46]

parameters

cellular

in hypoxia
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In their study, the HIF1A level under hypoxic
condition was markedly increased in MDA-
MB-231 cells incubated on stiffer substrates
(AC-stiff and TCP-coat). The cells incubated
on TCP-coat showed significant increase in
TGFB expression and SNAI2. The AC gel
substrates were more favorable to enhance
vimentin expression for MDA-MB-231 cells in
comparison with that incubated on stiffer
substrate (TCP-coat), indicating the vimentin

expression has no effect on S.

So far, the induction of EMT is believed to
promote tumor cell motility and invasion. In
another study, Tsuji et al. reported collective
migration for the role of EMT in cancer
invasion and metastasis, where EMT cells are
responsible for invasion and both EMT and
non-EMT  cells are responsible  for
intravasation®”.  Okamoto group’s findings
provide further indication that the linkage to
the EMT phenotype and their motility
mediated by substrate viscoelasticity may
have a broad implication in cancer invasion
and metastasis in therapeutic failure and

relapse.

6. Conclusions and perspectives

Breast cancer is one of the most common
malignancies in women and is the higher
incidence and mortality rates among all

female malignant tumors®™

. The average 5-
year survival rate of breast cancer is reported
to be around 55% due to the poor outcome
of the therapy for metastatic disease in the
resistance to radiation and chemotherapy®".
The cancer therapies with poor prognosis
prompt us to conduct a novel study on an

effective cancer therapy.

Microenvironment-mediated tumor progression
in the artificial substrates explore the design
criteria to understand the cancer progression
mechanism and metastatic potential. Cancer

cells express multiple biophysical cues during

migration, and epigenic program  of
phenotype transition. Quantifying and
probing these biophysical cues as a

morphological changes of cancer cells is
utilized for cancer therapies and diagnosis as

well as hematology™?.

In recent years, the extracted morphological
features could also be used to analyze the
dynamic changes of cells in diseases of the
nervous system and cellular stress related
addition,
analyses of morphological data suggest that

phenomenaP?. In multivariate
quantitative cytology is a useful adjunct to
conventional tests for the selection of new
substancesP”. Because biophysical cues exist
long before cancer develops, they are most
useful in determining whether cells will

metastasize.  Knowledge of  potential
cancerous transformations in the body may
enable clinicians to initiate preventative
measures in the form of lifestyle changes and

chemotherapy.
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