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Abstract

The mechanical features of individual cells have been regarded as unique indicators of their
states, which could constantly change in accordance with cellular events and diseases.
Particularly, cancer progression was characterized by the disruption and/or reorganization of
actin filaments causing mechanical changes. Thus, mechanical characterization of cells could
become an effective cytotechnological approach for early detection of cancer. To develop
mechanical cytotechnology, it would be necessary to clarify the mechanical properties in various
cell adhesion states. In this study, we investigated the surface mechanical behavior of cancer and
normal cells in the adherent and suspended states using atomic force microscopy. Adherent
normal stromal cells showed high surface stiffness due to developed actin cap structures on their
apical surface, whereas cancer cells did not have developed filamentous actin structures, and
their surface stiffness was low. Upon cell detachment from the substrate, filamentous actin
structures of adherent normal stromal cells reorganized to the cortical region and their surface
stiffness decreased consequently however, the stiffness of suspended normal cells remained
higher than that of cancer cells. These suspended-state actin structures were similar, regardless of
the cell type. Furthermore, the mechanical responses of the cancer and normal stromal cells to
perturbation of the actin cytoskeleton were different, suggesting distinct regulatory mechanisms
for actin cytoskeleton in cancer and normal cells in both adherent and suspended states.
Therefore, cancer cells possess specific mechanical and actin cytoskeleton features different

from normal stromal cells.

Keywords: Mechanical features, Atomic force microscopy, Suspended state, Cancer cell, Actin

cytoskeleton, Mechanical cytotechnology
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Introduction

Alterations in biological activities and transformation of cell states often entail a change in the
mechanical behavior of cells. In particular, alterations in cell stiffness/elasticity have emerged as
a marker for cellular phenotypic events and diseases. During optic-cup morphogenesis, a change
in the stiffness of the retinal epithelium is important for the formation of neural retinal tissue (1).
Malignant cancer cells exhibit lower stiffness than normal cells (2-4). Mechanical properties are
largely attributable to the cytoskeleton components, especially actin microstructures which
together are referred to as actin cytoskeleton (5-9). The above-mentioned stiffness alterations
reflect the remodeling process of the actin and other cytoskeletal elements in the respective
cellular events and disease states. Particularly, the actin cytoskeleton remodeling plays important
role in the life cycle of a cancer cell. Actin depolymerization and disrupted stress fibers, marked
by a shift from F-actin to G-actin, occur in the early stages of malignant transformation (10,11).
Besides, abnormal F-actin distribution and dynamics occur in the later stages of cancer and
correspond to tumor cell invasiveness and metastasis (12,13).Thus, sensitive and non-destructive
estimation methods for the detection of actin cytoskeleton remodeling in cancer cells are
powerful tools for early diagnosis of cancer. In this regard, stiffness and other mechanical
properties are potent detectable targets in cancer cytotechnology.

There are several methods to detect cell stiffness and other mechanical properties
including micropipette aspiration (14), optical stretcher (15), and atomic force microscopy
(AFM) (16). These technologies measure the stiffness and mechanical properties of cells in the
adherent or suspended states over a wide range of physiological conditions. Micropipette
aspiration and optical traps are used with suspended cells, whereas AFM is generally used for
substrate-adherent cells. Despite some drawbacks such as relatively slow measurement rate and
low throughput, AFM has been incrementally used to directly measure the surface stiffness of

substrate-adherent cancer cells in many studies due to its certain advantages (17-21). AFM can
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investigate the mechanical properties of a cell surface with high sensitivity and spatial resolution
under physiological cell culture conditions (22,23).

The most useful cytotechnology for detection of cancer cells, such as circulating tumor
cells in the blood and biopsy for cancer, are applicable to the suspended cell state. Body fluid
specimens may be the first and only pathologic specimen for clinical evaluation in metastatic
cancer cases (24). Therefore, optical stretcher is one of the most useful methods to estimate
whole cell stiffness in the suspended state (25), and the stiftness difference between suspended
cancer and normal cells has been reported using this technique (3). Although structural
differences in the actin cytoskeleton of cancer and normal cells are well understood in the
adherent state (17,20), those of suspended state are unclear. Particularly, measuring the local
surface stiffness of adherent cells with AFM and whole cell-body stiffness of suspended cells
with optical stretcher revealed different mechanical properties (26). Therefore, to evolve the cell
stiftness-based cytotechnology into a generally accepted method, it is required to characterize
and compare the cell stiffness and the actin cytoskeleton structures of cancer and normal cells in
both suspended and adherent states with the same experimental method.

Previously, we measured the stiffness of suspended leukocytes and trypsinized cells
using AFM and a biocompatible anchor for membrane (BAM) substrate (27,28). The BAM
molecule contains an oleyl group at one end that anchors the suspended cells (29). These
BAM-anchored suspended cells do not move around freely like floating cells allowing us to
measure their elasticity by AFM. Moreover, since BAM-anchored cells are relatively
immobilized, they cannot attach to the culture substrate like adherent cells. Therefore, cell on the
BAM-surface are in fact anchored suspended cells and differ from both floating and adherent
cells. The morphology of substrate-adherent cells varies among cells, and the orientation and
distribution of their actin cytoskeleton is anisotropic and heterogeneous. On the other hand,

BAM-anchored suspended cells are round and homogeneous, and exhibit an apparent isotropic
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actin cytoskeleton in the vicinity of their plasma membranes (30). These surface actin structures
of the round cells show no apparent discrimination with respect to cell type. Although the surface
actin of trypsinized and mitotic round cells appears to develop similarly, surface stiffness of the
trypsinized round cells is greater than that of mitotic round cells (30). This surface stiffness is
vanished by actin depolymerization. Thus, surface stiffness/elasticity measurement can detect
invisible information about the maturation or strength of the actin cytoskeleton network near cell
surface and may elucidate the difference in the regulatory mechanism of cell surface actin
cytoskeleton.

In this study, we examined the surface stiffness of cancer and normal cells in the
adherent and suspended states using AFM indentation method. Furthermore, the stiffness
responses of the cancer and normal cells to actin cytoskeleton-modifying agents were determined

in the adherent and suspended states.

Materials and Methods

Materials

The pyramidal probe (SN-AF01S-NT; spring constant: 0.02 N/m) was purchased from Seiko
Instruments Inc. (Tokyo, Japan). Human fetal lung normal fibroblast TIG-1 cells (31), human
cervical cancer HeLa cells, and human fibrosarcoma HT1080 cells, were obtained from Health
Science Research Resources Bank (Osaka, Japan). Male Fisher 344 rats were purchased from
Japan SLC (Shizuoka, Japan). Antibiotics were purchased from Sigma-Aldrich (St. Louis, MO).
BAM (SUNBRIGHT OE-020CS) was purchased from NOF Corporation (Tokyo, Japan). F-actin
labeling kit was purchased from AAT Bioquest, Inc. (Sunnyvale, CA). Glass based culture dishes
were purchased from Asahi Glass Co., Ltd. (Tokyo, Japan). Other reagents were purchased from
Sigma-Aldrich, Wako Pure Chemical Industries Ltd. (Osaka, Japan), or Life Technologies Japan

Ltd. (Tokyo, Japan).
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Preparation of BAM-coated dishes

BAM-coated dishes were prepared as described previously (28). Briefly, polystyrene and glass
based tissue culture dishes were coated with 5% BSA in PBS for 1 h. This BSA layer prevents
any non-specific cell-substrate interaction. After washing with Milli-Q water, the surfaces were
treated with 1 mM BAM in PBS for 30 min. Then, the BAM-coated dishes were washed and

dried.

Preparation and culture of rat MSCs

Rat MSCs were isolated and cultured as described previously (32). Briefly, bone marrow cells
were obtained from the femoral shafts of 7-week-old male Fisher 344 rats. The cells were
obtained from at least 2 rats and mixed. MEM containing 15% FBS and antibiotics (100
units/mL penicillin G, 100 pg/mL streptomycin sulfate, and 0.25 pg/mL amphotericin B) was
used as the culture medium. The medium was renewed twice a week, and cells at passages 2—6
were used. The animal experiment was approved by the ethics committee of the National

Institute of Advanced Industrial Science and Technology (AIST), Japan.

Cell culture and drug treatment

TIG-1, HeLa, and HT1080 cells were maintained in DMEM containing 10% FBS and antibiotics.
The culture medium was replaced twice a week. For adherent and suspended state examination,
cells were treated with Y27632 (20 uM) or calyculin A (0.1 nM) for 12 h. For the suspended
state, cells were removed from the culture dish by treating with 0.25% trypsin-0.02% EDTA in
PBS and plated on a BAM-coated dish for 30 min in normal culture medium, then washed with
PBS to remove unattached cells, and cultured for 12 h in drug-containing medium. Viability of

the cells anchored on the BAM surface indicated more than 90% after 12 h culture (data not
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shown). Cells adhering to the culture dishes and BAM surfaces with or without the drug were
manipulated by AFM (Fig. 1A). Actin depolymerization was induced by treating with 5 uM

cytochalasin D for 2 h.

Evaluation of the actin cytoskeleton

To visualize actin cytoskeleton microstructures, cultured cells in glass based dishes with or
without BAM coating were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and stained with the F-actin labeling kit. Serial sections of specimens (0.5 pm thick) were
observed by confocal laser scanning microscopy (CLSM) (FV-1000; Olympus, Tokyo, Japan)
using a 60x oil immersion lens (NA = 1.42). Serial images were superimposed using ImageJ

software (NIH, Bethesda, MD).

AFM measurements

Adherent and BAM-anchored suspended cells in medium were manipulated by AFM
(Nanowizard I; JPK Instruments AG, Berlin, Germany) at room temperature. Combining the
optical microscope (IX-71; Olympus) and AFM allows the probe to be positioned on a particular
region of the cell surface. In this study, the AFM probe was indented the cell surface on the
nuclear region with a force of up to 1 nN at 5 pm/s. The Young’s modulus of the cell was
calculated using the Hertz model (33). The force-distance curve for a region up to about 500 nm
of cell surface indentation was fitted using JPK data processing software (JPK instruments AG)
as

E tana

F=——
1-v? \/5

Where F' = force, 0 = depth of the probe indentation, v = Poisson’s ratio (0.5), o = half-angle to

57, (1)

the face of the pyramidal probe (20°), and £ = Young’s modulus (Fig. 1B). More than 20 cells

were used per experiment, and 25 points were examined on the surface of each cell. The median
7
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value was adopted as the Young’s modulus of each cell (34).

Statistical analysis

The changes in the Young’s modulus of cells were cluster analyzed using College Analysis
software created by Prof. Masayasu Fukui (Fukuyama Heisei University, Hiroshima, Japan). We
used the changes in the logarithmic average of the Young’s modulus for the analysis. The
responsiveness of the Young’s modulus to Y27632 or calyculin A treatment in the adherent or
suspended states was used as the variable in each cell. The distance of each element was
calculated with the standardized Euclidean distance method and the clusters were constructed

using the Ward method.

Results

Actin cytoskeleton structures of adherent and BAM-anchored suspended cancer and normal cells
In this study, we used 2 types of normal stromal cells: rat MSCs and human TIG-1 fibroblasts,
and 2 cancer cell lines: HeLa and HT1080 cells. They adhered and well spread on the normal
culture substrate (Supplementary Fig. S1A). After cell detachment from the culture substrate by
trypsinization and anchoring onto BAM substrate, the suspended cells showed almost similar
round shape irrespective of the cell type (Supplementary Fig. SIB). Upon detachment from the
normal culture substrate, the morphological anisotropy of the cells was apparently canceled.

To characterize the actin cytoskeleton structures of the adherent cell types and their
reorganization during the transition from the adherent to the suspended state, F-actin was stained
using fluorescein-labeled phalloidin and observed by CLSM (Fig. 2). Adherent MSCs and TIG-1
cells showed highly developed actin stress fibers across the cell body and particularly bore a
clear filamentous perinuclear actin cap at their apical surface. The actin cap is an F-actin

structure that forms a dome above the nucleus (35). By contrast, adherent HeLa and HT1080
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cells showed weak stress fibers at the basal plane and many protrusions, fillopodia, and ruffling
at the edges. They did not have any developed actin cap structures but had many short
microvillus structures on their surface.

On the other hand, the F-actin structures of the examined cells changed entirely on the
BAM surface. Particularly similar F-actin structures were observed irrespective of the cell type
so that all BAM-anchored suspended cells had clear actin structures in the vicinity of the plasma
membrane (Fig. 2). Although some spotted actin structures were observed inside the cells, no
filamentous structures were observed. The apical actin structures of adherent and BAM-anchored

suspended cancer cells were apparently similar.

Mechanical properties of adherent and BAM-anchored suspended cancer and normal cells
We then determined the surface mechanical properties of the cells in the adherent and suspended
states using the AFM indentation method. To reduce the effect of cell morphology, we placed the
AFM probe on the nuclear region of the adherent cell surface. Fig. 3 shows the distribution of the
Young’s modulus of each cell type in the two adhesion states. The Young’s modulus was broadly
distributed irrespective of the cell type and cell adhesion states. Our previous studies revealed
that the distribution of the Young’s modulus of a cell follows a log-normal pattern (28,34).
Therefore, we have shown the logarithmic average of the Young’s modulus for each condition.

The distribution of the Young’s moduli of adherent normal stromal cells was clearly
higher than those of cancer cells (Fig. 3). Upon detachment from the substrate and alteration in
actin cytoskeleton and cell morphology, the distribution of the Young’s modulus of normal
stromal cells decreased but that of cancer cells was relatively unchanged. Even in the suspended
state, the elastic values of normal stromal cells remained higher than those of cancer cells.

The Young’s moduli of adherent and BAM-anchored suspended cells were notably

diminished by actin depolymerization with cytochalasin D (Supplementary Fig. S2) indicating
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the significant contribution of the cell surface actin filaments to the observed mechanical

properties.

Mechanical responsiveness of cancer and normal cells to perturbations of the actin cytoskeleton
To evaluate the contribution of F-actin structures to the mechanical properties, we examined the
responsiveness of the mechanical properties of the cells to actin cytoskeleton-modifying agents,
Y27632 and calyculin A. Y27632 is a ROCK inhibitor that prevents and attenuates stress fiber
formation (36). On the other hand, calyculin A is a myosin light chain phosphatase inhibitor that
activates actomyosin formation and enhances actin polymerization (37).

Addition of Y27632 to the cultured cells reduced the distribution of the Young’s
modulus in all the cell types and adhesion states (Fig. 4). Particularly, the Young’s moduli of
normal stromal cells significantly decreased both in the adherent and suspended states. On the
other hand, the reduction rates of the Young’s moduli of cancer cells after treatment with Y27632
were lower and almost the same in the adherent and suspended states. AfterY27632 treatment,
the distribution of the Young’s moduli of BAM-anchored suspended normal stromal cells became
almost the same as that of BAM-anchored suspended cancer cells.

In normal stromal cells treated with calyculin A, the distributions of the Young’s
modulus were almost unchanged in the adherent and suspended states (Fig. 4). On the other hand,
in cancer cells, the distributions of the Young’s modulus were slightly increased by calyculin A
treatment in both the adherent and suspended states.

Finally, we performed statistical data analysis on the mechanical responsiveness trends
of the cells. The changes in the logarithmic average of the Young’s modulus in response to
Y27632 and calyculin A in the adherent or suspended state were used as variables in each cell
type. Fig. 5A shows dendrogram of the cluster analysis in which normal stromal and cancer cells

belong to distinct clusters. The responsiveness characteristics of normal stromal and cancer cells

10
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to Y27632 and calyculin A treatment in the adherent and suspended states are shown in Fig. 5B.
The square value of each responsiveness for the agents was used for this purpose. Normal
stromal cells were strongly affected by only Y27632 in the adherent and suspended states. On the
other hand, cancer cells were equally affected by calyculin A and Y27632. The responsiveness to
actin-modifying agents was almost unchanged in the adherent and suspended states for both
normal stromal and cancer cells. Therefore, the regulatory mechanisms for F-actin structures are

different in normal stromal and cancer cells regardless of their adhesion states.

Discussion

This study presented an overview of the surface mechanics and actin cytoskeleton architecture of
normal stromal and cancer cells in the adherent and suspended states. Adherent normal stromal
cells formed highly organized actin cap and exhibited high stiffness at their apical surface,
whereas adherent cancer cells lacked the actin cap and showed lower stiffness relative to the
normal cells (Figs. 2,3). The actin cap is an F-actin structure that forms a dome above the
nucleus, tightly regulating the shape of the nucleus in adherent fibroblasts (35). Furthermore the
actin cap regulates surface stiftness and thickness of adherent rat MSCs; a developed actin cap
increases surface stiffness (34). Thus, it is easily conceivable that the observed difference in the
mechanical properties of adherent normal stromal and cancer cells reflects the completely
different F-actin structures at the apical surface of these cell types. This finding is also consistent
with the previous studies (4,17). On the other hand, detachment from the substrate and
reorganization of F-actin structures into cortical actin in the vicinity of the plasma membrane,
made it difficult to define a difference between actin structures of BAM-anchored suspended
cancer and normal cells (Fig. 2). Nevertheless, the distribution of the Young’s modulus of
BAM-anchored suspended normal stromal cells remained higher than that of cancer cells (Fig. 3).

We previously showed that surface stiffness of the trypsinized round cells was greater than that

11
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of mitotic round cells, although they had similar actin structures (30). Furthermore, the elastic
responsiveness of normal stromal and cancer cells to the actin-modifying agents Y27632 and
calyculin A were distinct in the suspended state (Figs. 4,5). Therefore, the surface stiffness can
provide the invisible information about the states and structures of the actin cytoskeleton on the
cell surface. Together, these results define a key distinction between mechanical and actin
cytoskeleton features of cancer and normal stromal cells.

The need for reliable biomarkers for cancer detection and analysis is critical due to
complexity of the disease. Mechanical properties such as elasticity and viscosity are markers
independent from the commonly used biochemical markers of cancer cells. Development of
reliable methods for measuring the mechanical properties of various cell types would contribute
to early cancer screening. In this study, we suggested the capability of the discrimination
between cancer and normal cells in both the adherent and suspended states using cell surface
stiffness. The whole-cell deformability of cancer and normal cells in the suspended state are also
different, and metastatic cancer cells are easily deformed by optical stretching (3,38). Therefore,
the deformability of both local-surface and whole-body of suspended cancer cells are higher than
normal cells. The easy deformability of cancer cells could be due to their unique regulatory
mechanisms for actin cytoskeleton, which controls the mechanical properties of cancer cells.
Recently, high-speed measuring method for cell deformation throughout the narrow
microchannel has been developing (39). The measuring rate has reached more than 1000 cells/s.
For the future, the precise and high-speed measurement of the mechanical properties or

deformability of suspended cells can be employed for cancer cytotechnology.
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Figure legends

Fig. 1 AFM manipulation of BAM-anchored suspended cells. (A) Diagram of AFM
indentation of suspended cells anchored to a BAM substrate. Trypsinized, detached cells were
immobilized by attaching to the BAM molecules and then indented using a pyramid-shaped
AFM probe. (B) A typical force-distance curve obtained from an AFM indentation experiment on
an adherent HeLa cell. The black dots represent the experimental force curve line and the grey

line is the Hertz model-fitting line.

Fig. 2 CLSM images of fluorescently-labeled F-actin of cells. F-actin structures of adherent
and BAM-anchored suspended cells were observed by CLSM. Superimposed images of the top,
middle, and basal parts of cells are shown. The thickness of each superimposition (z) is shown in

each image.

Fig. 3  Young’s modulus of cells in the adherent and suspended states. The distribution and
logarithmic average of the Young’s moduli of the 4 cell types in adhesion (closed circles) vs.
suspension states (open circles) are shown. Each condition shows the Young’s modulus of 40

independent cells.

Fig.4 Elastic responses of adherent and BAM-anchored suspended cells following treatment
with Y27632 and calyculin A. The distribution and logarithmic average of the Young’s moduli of
the cell types in adhesion (A) and suspension (B) states are shown. Left graphs show the results
of treatment with 20 pM Y27632 (Y27) and the right graphs are those of treatment with 0.1 nM

calyculin A (Caly). Each condition shows the Young’s modulus of 20 independent cells.

Fig. 5 Statistical analysis of the responsiveness of the Young’s moduli of drug-treated adherent

19



and BAM-anchored suspended cells. (A) Dendrogram showing the cluster analysis of cells using
the responsiveness to actin cytoskeleton-modifying agents in the adherent and suspended states.
The responsiveness of the Young’s modulus to Y27632 and calyculin A in the adherent or
suspended states was used as variables for each cell type. (B) The elastic response behaviors of
adherent and BAM-anchored suspended cells after treatment with Y27632 and calyculin A. The
square values of the logarithmic average difference of the Young’s modulus in the non-treated

control condition from the agent-treated condition were used.
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