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Micropatterned Surfaces Expose the Coupling between
Actin Cytoskeleton-Lamin/Nesprin and Nuclear
Deformability of Breast Cancer Cells with Different

Malignancies

Ezgi Antmen, Utkan Demirci, and Vasif Hasirci*

Mechanotransduction proteins transfer mechanical stimuli through nucleo-
cytoskeletal coupling and affect the nuclear morphology of cancer cells.
However, the contribution of actin filament integrity has never been studied
directly. It is hypothesized that differences in nuclear deformability of cancer
cells are influenced by the integrity of actin filaments. In this study, trans-
parent micropatterned surfaces as simple tools to screen cytoskeletal and
nuclear distortions are presented. Surfaces decorated with micropillars are
used to culture and image breast cancer cells and quantify their deforma-
tion using shape descriptors (circularity, area, perimeter). Using two drugs
(cytochalasin D and jasplakinolide), actin filaments are disrupted. Deforma-
tion of cells on micropillars is decreased upon drug treatment as shown by
increased circularity. However, the effect is much smaller on benign MCF10A
than on malignant MCF7 and MDAMB231 cells. On micropatterned sur-
faces, molecular analysis shows that Lamin A/C and Nesprin-2 expressions
decreased but, after drug treatment, increased in malignant cells but not in
benign cells. These findings suggest that Lamin A/C, Nesprin-2 and actin
filaments are critical in mechanotransduction of cancer cells. Consequently,
transparent micropatterned surfaces can be used as image analysis platforms
to provide robust, high throughput measurements of nuclear deformability of
cancer cells, including the effect of cytoskeletal elements.

1. Introduction

All cells are continuously exposed to
mechanical forces created by the extracel-
lular environment and they can sense and
respond to these forces through mecha-
notransduction. Mechanotransduction is
the process by which cells convert mechan-
ical stimuli into biochemical signals."
Mechanotransduction has a role in the
regulation of blood pressure, remodeling of
bone, maintenance of muscle, perception
of touch and sound, cell growth, migration,
gene expression, morphological changes,
proliferation and differentiation as well as
tissue morphogenesis and the pathogen-
esis of various diseases, such as cardiovas-
cular diseases, osteoporosis, and cancer.”?
During force transmission through a cell,
constant reorganization of the cell inte-
rior is needed, and this reorganization is
realized by cytoskeletal remodeling and
directed by mechanosensitive signaling
pathways. The structural link between the
cytoskeleton and nucleus plays an impor-
tant role in this force transmission and it
is referred to as the nucleo-cytoskeleton
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coupling. Through this coupling, cell surface forces and sub-
strate rigidity can change nuclear morphology and external forces
can be transmitted to the nucleus and change chromosome
movement and nuclear positioning. Actin filament networks of
the cytoskeleton, as one of the most important components of
nucleo-cytoskeleton coupling, play a critical role in maintenance
of the form and orientation of nuclei, nuclear morphology, and
cellular stiffness through their polymerization and depolymeri-
zation.>¥ In cancer studies, understanding of force transmission
has been gaining importance because increased actomyosin con-
tractility can induce cell proliferation, extracellular matrix (ECM)
remodeling, ECM stiffening, invasion and metastasis of tumor
cells.P! Tumor cells are known to alter their own mechanical
properties and change their responses to external physical cues.
Thus, the development and metastasis of cancer are closely regu-
lated by mechanical stresses applied on the cytoskeleton and
nucleus and their responses to these forces. On the other hand,
nucleus is the main component of a cell which regulates the
gene expression and protein synthesis.[®! It is also known that the
nucleus is the major obstacle of a cell in migration through con-
fined openings since it is the main contributor to the total cell
stiffness, it is also the largest organelle of a cell and almost an
order of magnitude stiffer than the cytoplasm.’! Thus, nucleus
of a metastatic or migrating cell has to be softer and must be able
to deform more than the nuclei of the other cells. Supporting
this, it was reported that knockdown of the expression of nuclear
envelop protein, lamin A, causes a decrease in nuclear stiffness
and increases cell motility and ability to migrate.'%!1

Because force transmission through a cell is important in the
migration and metastasis of a cancer cell, modifications in sur-
face features of the substrate have been widely used in in vitro
cell biology studies to manipulate cell responses to the external
forces or to give surfaces cell discrimination capabilities. Crea-
tion of substrate surfaces with topographic features is one of the
most commonly used surface modification approach to study
the cell-substrate interactions. The topographies either mimic
sizes and shapes of features found in the natural environment of
cells or they have artificial geometries designed for specific rea-
sons. Since the size of cells, adhesion proteins and their ligands
are in the nanometer to micrometer scale, modifications at this
level are required on the substrates to create the architecture that
could mimic the ECM of a cell. Common shapes used in the
fabrication of surface topographies are pores, gratings, wells,
pits, cones, posts, pillars, grooves, or mesh-like structures that
can be organized in a regular pattern.%l Several studies have
shown that many cell types react strongly to micro and nano fea-
tures on substrate surfaces.'>% On such surfaces, changes have
been reported in the cell behavior such as adhesion,?2! align-
ment,*2)l morphology (cytoskeletal organization),”-*!l prolif-
eration,®! viability,?®! gene expression and differentiation.[+2”-28]

In this study, our assumption was that the differences in the
malignancies of breast cancer cells are the result of the differ-
ences in their nuclear deformation. Based on this assumption,
our hypothesis was that the level of completeness of polymeriza-
tion of actin filaments can affect nuclear deformability and the
metastatic capability of the cancer cells. Although it has been
reported that biomechanical properties of the cell and nucleus
give information about the state of cancer progression,?>3% the
interaction between the components of mechanotransduction
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complex (linkers of nucleoskeleton and cytoskeleton proteins
(LINC), nuclear envelope proteins, actin filaments) and defor-
mation of a nucleus has never been directly measured. The aim
of this study was to explore the relation between the proteins of
mechanical force transmission, nuclear deformability, and level
of malignancy of a tumor cell by inhibiting the polymerization
and depolymerization of actin cytoskeleton. Three breast cancer
cell lines with different malignancy levels (benign MCF10A,
malignant but noninvasive MCF7, malignant and highly invasive
MDAMB231) were used to compare nuclear deformability and
behavior (spreading, attachment) of these cells and expression of
their nuclear membrane proteins on micropatterned surfaces to
support our hypothesis. Cells were seeded on polymethyl meth-
acrylate (PMMA) surfaces decorated with square prism pillars
(4 x 4 um? surface area, 4 um gap size, and 8 um height). Two
different drugs, selective for actin and inhibit its polymerization,
were used: Cytochalasin D (inhibits actin polymerization by cap-
ping filaments that bind to monomers) and Jasplakinolide (pre-
vents actin depolymerization, forms actin aggregates, and blocks
focal adhesion kinase (FAK) signaling). Also, the relation between
the deformability of nucleus, inhibition of actin polymerization,
and the expression of Lamin A/C and Nesprin-2 was investigated.

2. Experimental Section

2.1. Preparation of Micropatterned PMMA Films

Micropillar arrays were designed at METU BIOMATEN and
outsourced to be fabricated using photolithography.'>>1¢l The
micropillars were in square prism shape, 8 um tall with 4 x 4 ym?
area and 4 um interpillar gap. Using wafers as a template, poly-
dimethylsiloxane (PDMS) molds were prepared with Sylgard 184
silicone prepolymer and Sylgard 184 curing agent (Dow Corning
Company, UK) (10:1 w/w) and cured for 4 h at 70 °C. PMMA films
(Mw = 996 kDa) (Sigma, Germany) were made by solvent removal
from a solution (10% w/v in chloroform) on the PDMS mold
which was air-dried for 12 h at room temperature. As a control,
smooth PDMS molds were used to obtain smooth PMMA films.

2.2. Characterization of PMMA Films

After coating with Au/Pd under vacuum, surface patterns of the
PMMA films were examined with scanning electron micros-
copy (SEM) (400F Field Emission SEM, USA).

2.3. In Vitro Studies
2.3.1. Culture of Breast Cancer Cell Lines

MCEF-10A cells were cultured in DMEM/F12 medium (Sigma,
USA) supplemented with 5% fetal bovine serum (FBS) (Lonza,
USA), EGF 20 ng mL™ (Sigma), insulin 10 gg mL™ (Sigma),
hydrocortisone 0.5 mg mL™ (Sigma), cholera toxin 100 ng mL™
(Sigma), and 100 units mL™ penicillin (Sigma, USA). MCF-7
cells were cultured in DMEM low glucose medium (Lonza, USA)
supplemented with 10% FBS (Lonza, USA) and 100 U mL™!
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penicillin (Sigma, USA). MDA-MB-231 cells were cultured in
DMEM high glucose medium (Lonza, USA) supplemented with
10% FBS (Lonza, USA) and 100 U mL™ penicillin (Sigma, USA).

PMMA films were sterilized by UV for 15 min. Cells were
seeded at a density of 5 x 10* cells/film in 100 uL of their
specific growth medium, left for 6 h for adhesion at 37 °C, 5%
CO,. Tissue culture plates (TCPS) and smooth (S) PMMA films
were used as controls.

2.3.2. Testing of Actin Inhibitor Drugs

Dose Optimization with Alamar Blue Assay: Two different
drugs (Cytochalasin D and Jasplakinolide) were used and
solutions of both drugs in dimethyl sulfoxide (DMSO) were
prepared. Final concentrations of both drugs in 1 mL of culture
medium were in the range 0.01-10 x 107 m for Cytochalasin D
and 0.01-5 x 107 m for Jasplakinolide. Control samples without
drugs were prepared with the same highest amount of DM SO
for both drugs. Cells were cultured for 24 h (day 1) in TCPS and
on micropatterned films (P), and then drugs were used on the
cells for another 24 h (day 2). The half maximal inhibitory con-
centration (IC50) of Cytochalasin D and Jasplakinolide on the
cell viability before and after drug treatment was determined by
Alamar Blue assay. Effect of these chemicals on prevention of
nuclear deformation of three cell lines was observed and quan-
tified under fluorescence microscopy.

2.4. Microscopy Studies
2.4.1. Fluorescence Microscopy

Cell seeded samples were fixed in 4% paraformaldehyde, per-
meabilized with 1% Triton-X 100 solution (Applichem, Ger-
many), and incubated in BSA blocking solution (1% w/v, in
phosphate buffered saline (PBS)) at 37 °C for 30 min. Then,
films were incubated in Alexa Fluor 488 labeled Phalloidin solu-
tion (1:50, in 0.1% BSA in PBS) for 1 h, 37 °C, and then DAPI
(1:1000, in 0.1% BSA in PBS) (Invitrogen, USA) was used for
5 min at room temperature to stain the nuclei. Fluorescence
microscopy images were obtained with an upright fluorescence
microscope (Zeiss Axio Imager M2, Germany). The images
were obtained by using black and white filter of the microscope
and pseudocolored with green (actin) and red (nucleus) by the
software system of the microscope.

2.4.2. Confocal Microscopy for Immunocytochemistry (ICC)

Confocal microscopy images of the cells were obtained using an
upright confocal laser scanning microscope (CLSM) using 488,
532, and 630 nm lasers (Leica SPE, Germany). Samples were
fixed, permeabilized, and blocked in the same way in the pre-
vious section. Then, they were incubated for 1 h at 37 °C with
Alexa Fluor 532 Phalloidin (Invitrogen, USA) to stain the actin
cytoskeleton. For Lamin A/C and Nesprin-2, the antibodies spe-
cific to these proteins (Anti-Nesprin-2 ab57397 and anti-Lamin-
A ab8980, Abcam, UK) were used according to manufacturer’s

Adv. Biology 2021, 5, 2000048

2000048 (3 of 14)

www.advanced-bio.com

directions. TOPRO-3 (1:1000, in PBS) (Invitrogen, USA) was
used for 15 min at room temperature to stain the nuclei.

Details of imaging process and microscopy settings were
presented in Figure S1 (Supporting Information).

2.5. Digital Analysis of Microscopy Images
2.5.1. Quantification of Nuclear Deformation

Fluorescence microscopy images of the nuclei of cells were
analyzed by using the image analysis software Image] (NIH)B3U
to determine the “circularity” (Equation (1)) of cell nuclei

Circularity = 47 x([A]) /([P]’) (1)

where A is the area and P is the perimeter of the nuclei.

Analyses were performed using 100 cell nuclei per surface.
For the autothresholding of the images, Image] was used.?

A “circularity” value of 1 indicates a perfect circle. As the
value decreases towards 0, the shape becomes an increasingly
elongated polygon. Steps for the quantification of nuclei on
smooth and micropatterned surfaces were presented in Figure
S2 (Supporting Information).

2.6. Quantification of Expression Levels of Proteins Based on
the Intensity of ICC Staining

Confocal microscopy Images of the samples stained with anti-
bodies specific to Lamin A/C and Nesprin-2 were analyzed by
using image analysis software Fiji.l*¥l Original images were in
red (R), green (G), blue (B) format. Image preprocessing was
applied to obtain gray scale (8 bit) images. “Lookup table” of Fiji
was changed to “HiLo”. Then the contrast was adjusted. Back-
ground subtraction was done using “rolling ball algorithm”.34
Finally, the intensity of the antibody specific stain was measured
and a mean gray value (sum of the gray values of all the pixels
in the selection divided by the number of pixels) was obtained
for each image. Protocol for the quantification of signal inten-
sity obtained from the imaging of protein expressions of the
cells was presented in Figure S3 (Supporting Information).

2.7. Quantification of Protein Expression Levels with Western
Blot Analysis

M-PER Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific) consisting of 1x protease and phosphatase inhibi-
tors (Roche) was used for the isolation of whole cell extract in
accordance with manufacturer’s instructions. Proteins were iso-
lated from the nuclear and cytoplasmic fractions. First, the cells
were washed twice with PBS and then lysed in 300 uL of a hypo-
tonic buffer containing 10 x 10 m HEPES (pH 75), 4x 107
M NaF, 10 x 10® m Na,MoO,, 0.1 x 10 m EDTA, 1x protease
and phosphatase inhibitors (Roche) and incubated on ice for
15 min. Then, 75 uL of 10% NP-40 (Pan-Reac AppliChem, Darm-
stadt, Germany) was added and mixed with pipetting. Then,
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supernatants containing the cytoplasmic fraction were obtained
by pulse centrifugation at 14 000 g for 30 s at 4 °C. Supernatant
containing cytoplasmic proteins was transferred to a new Eppen-
dorf tube. Remaining nuclear pellet was resuspended in 80 uL
of nuclear extraction buffer containing 10 x 10 m HEPES,
(pH 79), 0.1x 103 M EDTA, 1.5 x 10> M MgCl,, 420 x 103 u
NacCl, 10% glycerol, and with 1x protease and phosphatase inhib-
itors, incubated on ice on an orbital shaker and vortexed for 30 s
at 15 min. The lysate was centrifuged for 10 min at 14 000 g at
4 °C. The supernatant contains the nuclear fraction.

Total protein amount was estimated using the colorimetric
Micro BCA Protein Assay (Thermoscientific). Standard curve
is presented in Figure S9 (Supporting Information). Total
cytoplasmic (20 ug) and nuclear proteins (7 #g) and multicolor
spectrum extended range protein ladder (Thermoscientific, Cat.
No. 26634) were loaded and separated by size on 10% SDS-
PAGE gels and transferred to preactivated PVDF membranes
by Transfer Blot turbo system using manufacturer’s protocol.

Before staining the bands, unspecific sites were blocked
with 5% skim milk (Sigma) for 1 h at room temperature (RT).
Primary antibody incubation was performed overnight at 4
°C using the following antibody concentrations: Lamin A/C
(1:2500, AntiRabbit, Sigma, Cat. No. L1293), and Nesprin-2
(1:150, AntiRabbit, Abcam, Cat. No. ab233034) in 5% skim milk.
After washing the membranes three times with Tris-buffered
saline with Tween 20 (TBST) (20 x 10 m Tris, pH 75; 150 x
1073 M NaCl; 0.1% Tween 20), membrane blots were incubated
with the secondary goat anti-rabbit IgG, HRP-linked antibody
(1:2000 in 5% skim milk, Cell Signaling Technology, Cat. No..
7074) for 1 h at RT. Protein bands were visualized with the 1x
LumiGLO Reagent and 1x Peroxide (Cell Signaling Technology,
Cat. No. 7003), and ChemiDoc MP Imaging System (Bio-Rad).
Band intensities were normalized to housekeeping proteins
and the results given as “fold change”. HDAC1 (1:2500, Anti-
Rabbit, Abcam, Cat. No. Ab7028) and GAPDH (1:2500, Anti-
Rabbit, Abcam, Cat. No. Ab9485) in 5% skim milk were used
as housekeeping proteins for nuclear and cytoplasmic extracts,
respectively. Full-sized immunoblot images are given in Figure
S10 (Supporting Information).

2.8. Statistical Analysis

All quantitative data in this study were expressed as mean +
standard deviations with n > 3 unless otherwise stated. For
each analysis, five images from three different samples were
used. Shape analyses were done with 100 cells per surface.
Normality test on all collected data was performed by Shapiro—
Wilk test. Statistical analysis was performed by one-way or
two-way ANOVA (analysis of variance) test followed by Tukey’s
test for normally distributed data and Kruskal-Wallis test for
non-normally distributed data. Data were presented as symbol
plots, where symbols and error bars represent the mean and
standard deviation, respectively, or presented as box-whisker
plots, where boxes represent 25th and 75th percentiles and
whiskers represent the values from min to max. The line in
the middle of the box is plotted at the median and “+” at the
mean. Statistical significance is set at 95% confidence level for
all tests (p < 0.05).
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3. Results and Discussions

Square prism shaped micropillar (8 um tall, 4 x 4 ym? area, 4 um
interpillar gap) decorated surfaces (P) were prepared on PDMS
using the original wafer as the main template. Unpatterned
(smooth) (S) surfaces served as controls. Figure 1 shows a scheme
of the workflow in this study. Figure 1A presents SEM images of
the micropillar decorated and smooth surfaces and their graphical
illustrations (insets). Figure 1B shows the nuclear deformations
of three breast cancer cell lines as quantified with the circularity
value obtained by Fiji software and representative fluorescence
microscopy images of their nuclei. Circularity values for the breast
cancer cell lines are: 0.77 for benign MCF10A, 0.47 for noninvasive
malignant MCF7, and 0.37 for invasive malignant MDAMB231. A
high degree of nuclear deformation in the cells resulted in a lower
circularity value. In our previous study, a detailed comparison of
these three cell lines were made and it was shown that the nuclei
of the more aggressive cancer cells have a higher capability of
deformation.'¥! This was also a proof of the ability of metastatic
cancer cells migrate through dense ECM by changing the mor-
phology of their nuclei.’>>¥ Figure 1C shows the action mecha-
nisms of the two actin inhibitor drugs Cytochalasin D (CytoD)
and Jasplakinolide (Jasp) used in this study. CytoD binds to the
positive end of the actin filaments and prevents their polymeriza-
tion while Jasp binds to negative end and prevents depolymeriza-
tion which results in aggregation of actin filaments.

3.1. Drug Testing on Breast Cancer Cells

Drugs inhibiting actin formation were used to study the role of
mechanotransduction on the deformability of the cells because
it is known that there is a coordination between the mecha-
nosensory elements and force transmission.*”! External forces
applied on a cell are transduced through the actin cytoskeleton
to the nucleus and eventually may cause the deformability of
the cell and its nucleus.* In the actin inhibiting drug tests, the
cells were initially cultured for 24 h in the tissue culture plate,
and then treated with the drugs for another 24 h before micros-
copy. Cytochalasin D used in this study inhibits actin polymeri-
zation by binding to the monomers and capping the filaments
selectively."** Jasplakinolide, on the other hand, stimulates
actin polymerization but disrupts F-actin fiber formation by
blocking FAK signaling pathway.[*’]

Dose-response curves show that when Cytochalasin D
(CytoD) or Jasplakinolide (Jasp) (Figure S4, Supporting Informa-
tion) were used at their highest concentration (10 and 5 x 10~
M, respectively), they decreased metabolic activity of the cells
rather than completely stopping proliferation. This decrease
was not more than 50% in most of the three cell types tested.
In the literature, it was also shown that the cytotoxic levels of
these drugs were above 100-200 x 107® m against breast cancer
cells and the concentrations used in our study were much more
below the lethal dose.*>*3] Thus, the cells treated with the drugs
were still showing metabolic activity.

Fluorescence microscopy images of the three cancer cells
after interaction with the drugs on TCPS are shown in Figure 2.
The cells were immunostained with Alexa Fluor 488 labeled
Phalloidin (green) for filamentous actin (F-actin) and with
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Figure 1. Summary of the nuclear deformability of cells on micropatterned surfaces and the action mechanism of the drugs inhibiting actins. A) SEM
of patterned and smooth PMMA surfaces; B) Circularity value of three breast cancer cell lines (The distribution of shape descriptor values was non-
normal and statistical analysis was carried out by Kruskal-Wallis nonparametric test, n =100 cells/surface, p < 0.0001, *p < 0.005, **p < 0.001, ***p <
0.0005, and ****p < 0.0001. n.s: not significant); C) Acting mechanism of actin inhibitory drugs: CytoD and Jasp.

DAPI (red) for the nuclei. It is observed that increasing the con-
centration of drugs led to a progressive decrease in the actin
contents as shown by the decrease in the green signal obtained
from the actin-specific stain and disorganized and disrupted
morphology of the actin cytoskeleton. Similar results were also
shown in the literature that increasing CytoD concentration
from 10 to 200 x 107° m resulted in progressive shrinking of
the cells and reduced F-actin content when metastatic human
cancer cell lines were used.[*!

In addition to the images of the cytoskeleton of the three cells,
quantitative analysis of their cytoskeleton and nuclei with Image]
(NIH) software are presented in Figure 3. Details of the image
analysis are presented in Figure S5 (Supporting Information).
Graphs display the analysis of area, perimeter and mean gray value
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analysis of actin cytoskeleton and area and perimeter of nuclei
of the cells upon increasing drug concentrations. As deduced
from the graphs, actin cytoskeletons and nuclei of all cells had
decreasing values for all cytoskeletal parameters (area, perimeter,
and mean gray value) with an increasing drug concentration as
the indication of the actin disruption. Especially the highest con-
centrations of both drugs showed the most significant changes.
The highest concentrations of the both drugs (10 X 107 m
for CytoD and 5 x 107° m for Jasp) showed a distinct effect on
the actins of the cells (Figure 2), so these two highest drug
doses were selected to use in the nuclear deformation analysis.
Fluorescence microscopy images of the nuclei of the cells on
micropatterned PMMA surfaces are presented in Figure 4. Upper
two row images show cells after 24 and 48 h drug-free incubation.
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Figure 2. Fluorescence microscopy images on the effect of concentration of the drugs (Cytochalasin D (CytoD) and Jasplakinolide (Jasp)) on actin
cytoskeleton formation (green: Alexa Fluor 488 Phalloidin) of the three breast cancer cells on TCPS (nucleus: red (DAPI), Scale bar: 20 um).

The lower rows show the cells after drug treatment (drug free 24
h incubation followed by 24 h with the drug). After 24 h without
the drugs the nuclei of benign cells (MCF10A) were not deformed
whereas nuclei of malignant cells MCF7 and MDAMB231 were
highly deformed. After 48 h of drug-free incubation, nuclei of
all the cell types, regardless of being benign or malignant, were
deformed. Thus, the malignant cell types were deformed earlier
than the benign ones on micropatterned surfaces.
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However, after 24 h incubation with the CytoD (drug free
24 h incubation followed by 24 h with the drug), the nuclei of
benign cells were less deformed (MCF10A) while malignant
cells were not deformed at all (MCF7 and MDAMB231). With
Jasp, on the other hand, the nuclear deformation of the cells
was decreased MCF10A and MCF7 but this decrease was sig-
nificant only for MDAMB231. Thus, CytoD was more effective
than Jasp in decreasing the deformability of the cells. It is also
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Figure 3. Cytoskeletal and nuclear image analysis of three breast cancer cells with the increasing drug concentrations. Two drugs were used (CytoD
and Jasp). Area, perimeter, and mean gray value parameters were used for cytoskeletal analysis whereas area and perimeter were used for the nuclei
(one-way ANOVA followed by Kruskal-Wallis test, n =100, p < 0.0001, *p < 0.005, **p < 0.001, ***p < 0.0005, and ****p < 0.0001, ns: nonsignificant).
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MDAMB231

Figure 4. Fluorescence microscopy images show the effect of drugs (CytoD, 10 X 10® M and Jasp, 5 X 10® M) on actin cytoskeleton by the decrease
in the green signal of actin specific stain (Alexa Fluor 488 Phalloidin) and nuclear deformation (DAPI, red) of cells on micropatterned PMMA surfaces
after 24 and 48 h without drug (upper two rows) and 48 h after drug treatment (bottom two rows) (Scale bar: 20 um).

observed in the images that the drugs disrupted the actin fila-
ments of the cells and simultaneously the nuclear deformations
were decreased or lost. This shows that nuclear deformability
is directly related to the organization of actins. Studies showed
that loss or disruption of actins caused loss of actin-myosin con-
tractility and undeformed, force-free state of cells.*>* Tt was
also stated in a review that the actomyosin network is respon-
sible for contractility and force generation in the cell and coor-
dination between the mechanosensors (integrins) and response
elements (actin cytoskeleton) guides force transduction and the
deformability of the cell.’”) This supports the observation of
loss of deformability after disruption of actin filaments in our
study.

3.2. Quantification of Nuclear Deformation of Cells

Extent of deformation of the cell nuclei was quantified by dig-
ital analysis of the fluorescence microscopy images using Fiji
software. As a measure of deformation, certain dimensional
properties of the cells were employed. Circularity is one such
parameter and is a measure of how close a cell nucleus is
to a perfect circle. A circularity of 1 indicates a perfect circle
whereas a zero is a substantially elongated shape. The equa-
tion defining the circularity is presented in Section 2.5.1.

Adv. Biology 2021, 5, 2000048
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Circularity values of the nuclei of the three cells on micropat-
terned PMMA surfaces before and after the treatment with
CytoD and Jasp are presented in Figure 5.

On smooth (unpatterned) surfaces, circularity values for all
cells were around 0.8 which is almost a perfect circle value indi-
cating that there is no nuclear deformation.

On micropatterned surfaces, after 24 h, circularity values
were 0.78, 0.46, and 0.39 for MCF10A, MCF7, and MDAMB231
cells, respectively. This means that the nuclei of benign
MCF10A cells had almost no conformational change whereas
nuclei of the cancer cells were severely deformed. Increase in
the nuclear deformation by the increase in the malignancy
of cells also correlates well with the overall stiffness of the
cells and their nuclei obtained in a study.”! In the literature,
Young’s modulus values were found to be 0.7, 0.5, and 0.3 kPa
for MCF10A, MCF7, and MDAMB231 cells, respectively, sup-
porting the studies reporting that the softest cancer cells were
also most deformed on the micropatterned surfaces.':1338l
After 48 h, nuclei of all cells were deformed somewhat more;
circularity values were now 0.55, 0.41, and 0.37 for MCF10A,
MCF7, and MDAMB231, respectively. Results show that even-
tually, all the cells are deformed but the deformation was
slower for benign (MCF10A) cells whereas nuclei of invasive
malignant (MDAMB231) cell deformed at a much higher rate.
These results were very similar to the results reported earlier

© 2020 Wiley-VCH GmbH
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Figure 5. Quantification of nuclear deformation by the circularity value calculated from fluorescence microscopy images of the three breast cancer

cells before and after CytoD (10 x 1078 m) and Jasp (5 x 107 m) treatment
0.005, **p < 0.001, ***p < 0.0005, and ***+*p < 0.0001, ns: nonsignificant).

on the discrimination of breast cancer cells by their malig-
nancies on micropatterned surfaces.[¢l

In the tests for drugs acting on actin polymerization and
organization, the cells were treated with CytoD and Jasp and
then nuclear deformations of the cells were quantified as above.

After the treatment of cells with CytoD concentrations in the
range 0.1-10 x 107 w, circularity values of all cells increased
with an increase in the drug concentration and approached 1.0
even though they were on micropatterned surfaces. The circu-
larity values after the treatment with the highest concentration
(10 x 107® M) of CytoD were 0.64, 0.72, and 0.73 for MCF10A,
MCF7, and MDAMB231, respectively. Benign (MCF10A) cells
were not affected by the drug treatment as much as malignant
cells (MCF7 and MDAMB231). Malignant cells lost deform-
ability completely upon treatment with the high dose of drug.

When the same test was performed with Jasp (0.1-5 x 107 m),
only the nuclei of the most malignant cell line, MDAMB231, were
affected with a significant increase in the circularity (decrease in
the deformation). The circularity values of the three cells after
the highest concentration of Jasp (5 X 10°® m) were 0.53, 0.48,
and 0.71 for MCF10A, MCF7, and MDAMB231, respectively.

It is known that actin cytoskeleton of cells not only provides
structural support but also defines the mechanical properties
of the cells. Actin network is involved in the maintenance of

Adv. Biology 2021, 5, 2000048 2000048

(one-way ANOVA followed by Kruskal-Wallis test, n > 100, p < 0.0001; *p <

nuclear stiffness and actin filaments are needed for the cell relax-
ation.?3% Thus, in our study, after the disruption of the actin
cytoskeleton by the drugs, cells lost their actomyosin contractility
and this resulted in the changes observed in their deformability.
It can be concluded that there is a direct connection between
nuclear deformation and actin filaments of the cells.

3.3. Expression of Lamin A/C and Nesprin-2 before and after
Drug Treatment

Nuclear envelope (NE) is composed of two distinct lipid
bilayers as the inner (INM) and the outer (ONM) nuclear mem-
brane. NE proteins are integrated in the INM (such as emerin
and SUN proteins) or in the ONM such as nesprins.*? Addi-
tionally, adjacent to the INM, the nuclear lamina that is com-
posed of Lamin A and C, completes NE composition.l*! These
proteins provide integrity of nuclear envelope and constitute
the connection between cytoplasmic cytoskeletons networks
(such as microtubules and actin) and the genome through the
heterochromatin connected to the transduction pathway pro-
teins. Among all the proteins of mechanotransduction, lamins
and nesprins are more crucial in disease state of the cell since
they were reported as associated with congenital diseases

(9 of 14) © 2020 Wiley-VCH GmbH
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including cardiac and muscular diseases.***] Thus, they
are good targets to study the deformability of a cancer cell.
Moreover, Nesprin-2 is directly connected to actin filaments of
the cells and Lamin A/C is connected to the chromatin, thus
they are important targets to study the effect of forces gener-
ated by the cytoskeleton, crossing the nuclear membrane and
affecting the transcriptional state of the cell. Thus, Nesprin-2
and Lamin A/C were chosen as cytoplasmic and nuclear com-
ponents, respectively, to represent the proteins of the trans-
duction pathways.

In addition to the congenital diseases, Lamin A/C and
Nesprin-2 also play a role in cancer progression. For instance,
they are known to be downregulated in human breast cancer
cells.*®l Moreover, they play crucial roles in nuclear membrane
organization and mechanical stiffness in breast cancer cells and
their downregulation leads to decrease of nuclear and cellular
rigidity and increase of tissue fluidity which is a crucial prop-
erty of malignant cancer cells.[*®]

Thus, in this study, Lamin A/C and Nesprin-2 were deter-
mined at gene and protein levels with three different methods.
At the gene level, RT-qPCR and at the protein level, ICC
staining and Western blotting were used. For RT-qPCR and
ICC staining, only MCF7 malignant cells were used as a model,
and for the Western blotting, all three cells lines were studied.

RT-qPCR results and the experimental details are presented
in Figure S8 (Supporting Information). The results for both
Lamin A/C and Nesprin-2 showed decreased gene expression
levels on micropatterned surfaces compared to that on TCPS
and smooth PMMA surfaces before drug treatment. On TCPS
and smooth PMMA surfaces, the expression levels of both
genes did not show any change indicating any effect of the
material.

ICC results are presented in Figure 6. Cytoskeletal and
nuclear morphologies of MCF7 cells were recorded with
CLSM after 24 h incubation in the culture medium followed
by another 24 h with the drug CytoD. Images on micropat-
terned surfaces are presented in Figures 6A,B whereas those on
smooth and TCPS surfaces are presented in Figures S6 and S7
(Supporting Information). Protein expression levels were calcu-
lated from the intensity of the stains in the confocal microscopy
images (Figure 6C,D). Before drug addition images show that
nuclei of MCF7 cells are deformed on P4G4 micropatterned
surfaces (Figure 6A,B, first rows). After the addition of drug
CytoD, the actin cytoskeletons of the cells were disrupted as
shown by the actin specific stain (green: Alexa Fluor 532 Phal-
loidin) and the nuclear deformability of the cells were lost on
micropatterned surfaces (Figure 6A,B, second rows). How-
ever, signal intensities of both Lamin A/C and Nesprin-2 were
increased (blue: Anti Lamin A or Anti-Nesprin-2) (Figure 6C,D)
as was measured and quantified with Image] (NIH) software.
Results were optimized by the cell number; signal intensities
were divided by the number of cells on the same surface. The
results show that after drug treatment, simultaneously with loss
of nuclear deformability signal intensities of Lamin A/C and
Nesprin-2 were increased on patterned surfaces (Figure 6C,D).
This indicates that their expression levels were increased. On
TCPS and smooth surfaces, on the other hand, intensities of
the proteins did not change significantly, and nuclear deforma-
tion was not observed.

Adv. Biology 2021, 5, 2000048

2000048 (10 of 14)

www.advanced-bio.com

Western blot results are presented in Figure 7. Western
blot analysis was applied to determine expression levels of
both Lamin A/C and Nesprin-2 proteins before and after drug
(CytoD, 10 x 107 m) addition on patterned and smooth PMMA
and TCPS surfaces. The results show that on patterned sur-
faces, expression of both proteins increased after drug treat-
ment similar to the ICC results. However, this increase was
not significant in MCF10A and MCF7 cells while it was highly
significant in the most malignant cells, MDAMB231. In immu-
nocytochemistry staining analysis, MCF7 cells also showed a
significant increase in the expression level of two proteins after
drug treatment. However, in Western blot analysis, the changes
in the protein expression levels of different groups were not
significant. It may be a result of the sensitivity of the two
methods (ICC vs Western blot). On smooth and TCPS surface,
protein levels before and after drug treatment did not change
much and the results were not statistically significant.

The results obtained by the three methods (RT-qPCR, ICC,
Western blot) mostly correlate and they all show that especially
in malignant cells, with the disruption of actin filaments,
nuclear deformation decreased, and expression of Lamin A/C
and Nesprin-2 proteins increased on patterned surfaces. The
reason of the loss of deformation can be explained with the
need of actomyosin contractility for the movement and dis-
location of the cells and their nuclei.*->y Lamin A/C and
Nesprin-2 directly interact with actin filaments of the cells.
CytoD caused the disruption of actin filament formation
by inhibiting their polymerization, and therefore, cells lost
actomyosin contractility, the transfer of mechanobiological
stimuli is hampered and therefore, deformability is decreased.
Data from the literature support the existence of a relation
between the actin filaments polymerization and deformation
of nucleus. For example, a recent study reported that when
dendritic cells were forced to pass through micrometric con-
strictions, actin polymerization around the nucleus was
required for the cells since these fibers are involved in acto-
myosin contractility and force transduction in the cell which
start from the cell membrane and end up with the nucleus.*’!
Moreover, it was shown that Lamin A/C and B proteins form a
rigid structure at the inner nuclear membrane and cells need
to express less lamin gene product to be able to migrate.[*]
Moreover, in a different study, a single living cell compression
device was used and wild-type and LMNA knockout mouse
embryonic fibroblasts were compared in terms of their stiff-
ness. It was reported that LMNA knockout cells showed a
significantly decreased mechanical stiffness.’?l In another
study, Lamin A to B ratio of three different cells (glioblastoma
U251 cells, lung carcinoma A549 cells, bone marrow mesen-
chymal stem cells) with varying stiffnesses was compared and
it was reported that the softer cells presented lower Lamin A
levels.>3l Moreover, in a recent study, authors created different
cytoskeletal shapes in mouse fibroblasts using micropatterned
substrates and they studied the alterations in nuclear deform-
ability in response to actin, myosin, formin perturbations, and
the transcriptional downregulation of lamin A/C levels. They
concluded that active forces from the cytoskeleton and rigidity
of lamin A/C nucleoskeleton can regulate nuclear deform-
ability of the cells.” All these studies show that deformable
and softer cancer cells had lower Lamin A/C protein expres-
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Figure 6. ICC staining of MCF7 malignant breast cancer cells with Lamin A/C and Nesprin-2 specific antibodies. CLSM images of cells on micropat-
terned surfaces stained for A) Lamin A/C and B) Nesprin-2 (blue: Anti Lamin A or Anti-Nesprin-2), nucleus (red: TOPRO-3) and actin filaments
(green: Alexa Fluor 532 Phalloidin) (40x objective, Scale bars: 50 um). Quantification of expression levels of C) Lamin A/C and D) Nesprin-2 before
and after drug treatment as determined from their fluorescence intensities on micropatterned, smooth, and TCPS surfaces. Fluorescence intensities
were calculated using Image] (NIH) software. Results were given as dividing signal intensities by the number of cells counted from the same surface
(two-way ANOVA followed by Sidak’s multiple comparison test, n = 3, praminajc = 0.0092, Pyesprin2 = 0.0002; *p < 0.005, **p < 0.001, ***p < 0.0005,

and ****p < 0.0001, ns: nonsignificant).

sions. In another study, it was reported that nesprins served
as linkers of actin cytoskeleton to the nuclear envelope and
had an important role in controlling nucleus positioning.l>"!
Furthermore, it was shown that when nesprins were knock-
down in osteosarcoma cells, their nuclear deformability was
decreased which proved the essential role of nesprins in acto-
myosin contractility and nucleo-cytoskeletal connections.!l
In summary, based on the results and the literature data, we
confirm that in addition to the actin cytoskeleton, nuclear
envelope protein Lamin A/C and LINC protein Nesprin-2 have
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fundamental roles in nuclear localization and in intercellular
interactions between inner nuclear and outer cytoskeletal
components of the cells.

4. Conclusion

Cancerous and healthy cells have differences in their flex-
ibility due to their biomechanical properties. They reflect
these differences more clearly when placed on micropatterned
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Figure 7. Western blot analysis of Lamin A/C and Nesprin-2 proteins in three breast cancer cell lines are presented before and after drug (+CytoD, 10 x
107% m) treatment on patterned and smooth PMMA and TCPS. Full-sized immunoblot images are given in Figure S10 (Supporting Information). Protein
expression levels on TCPS surface without drug treatment are used as control to calculate relative changes in the protein expressions. All results are
normalized to GAPDH and HDAC-1 housekeeping genes for cytoplasmic and nuclear proteins, respectively (one-way ANOVA followed by Kruskal-Wallis

test, n 2100, pycrioa/Laminajc = 0.0005, pumcerjLaminajc < 0.0001, pripame23tjLaminajc < 0.0001, pycrioaNesprin-z = 0-0126, prvicrz/nesprin2 = 0.0004, pupame2syy
Nesprin-2 < 0.0001; *p < 0.005, **p < 0.001, ***p < 0.0005, and ****p < 0.0001, ns: nonsignificant).

surfaces instead of smooth. Deformability is one such prop- Supporting Information
erty that is expressed more by cancerous or diseased cells. It is
important to study the underlying molecular mechanism of this
mechanobiological difference. Deformability carries hints about
the metastatic capability and the malignancy of the cells. Thus,
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