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Abstract

Purpose To understand how nanomechanical stiffness
affects metastatic potential, we studied the relationship
between cell migration, a characteristic of metastasis, and
cell stiffness using atomic force microscopy (AFM), which
can measure stiffness (elasticity) of individual living cells.
Methods Migration and cell stiffness of three metastatic
B16 melanoma variants (B16-F10, B16-BL6, and B16-F1
cells), and also effects of (—)-epigallocatechin gallate
(EGCG), were studied using Transwell assay and AFM.
Results  Migration of B16-F10 and B16-BL6 cells was 3
and 2 times higher than that of B16-F1 cells in Transwell
assay, and cell stiffness determined by AFM was also
different among the three variants, although they have
similar morphologies and the same growth rates: Means of
Young’s modulus were 350.8 £ 4.8 Pa for B16-F10 cells,
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661.9 £ 16.5 Pa for B16-BL6 cells, and 727.2 £+ 13.0 Pa
for B16-F1 cells. AFM measurements revealed that highly
motile B16-F10 cells have low cell stiffness, and low
motile and metastatic B16-F1 cells have high cell stiffness:
Nanomechanical stiffness is inversely correlated with
migration potential. Treatment of highly motile B16-F10
cells with EGCG increased cell stiffness 2-fold and
inhibited migration of the cells.

Conclusions Our study with AFM clearly demonstrates
that cell stiffness is a reliable quantitative indicator of
migration potential, and very likely metastatic potential,
even in morphologically similar cells. And increased cell
stiffness may be a key nanomechanical feature in inhibition
of metastasis.
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Abbreviations

AFM Atomic force microscopy
EGCG (—)-Epigallocatechin gallate
MpSCD Methyl-fS-cyclodextrin

Introduction

Inhibition of metastasis is a key subject of cancer research.
To approach this subject, we wanted to develop a new
parameter to determine the metastatic potential of cancer
cells. Recently, various biophysical nanotechniques—
including atomic force microscopy (AFM), a microfluidic
optical stretcher, and a magnetic tweezer system—have
made it possible to measure nanomechanical properties of
cancer cells with high sensitivity (Fritsch et al. 2010; Bao
and Suresh 2003; Remmerbach et al. 2009; Swaminathan
et al. 2011). AFM has the advantage of being able to
quantitatively determine cell stiffness (elasticity) of indi-
vidual living cells in the physiological condition (Binnig
et al. 1986; Suresh 2007). Studies with AFM have revealed
that metastatic cells obtained from the body fluids of
patients with lung, breast, and pancreas cancers have sig-
nificantly lower cell stiffness than normal mesothelial cells
from those body fluids (Cross et al. 2007). If cell stiffness
is a new reliable quantitative indicator of metastasis, cancer
diagnosis and treatment will be greatly improved. To
clarify the significance of cell stiffness in metastatic
potential, we used AFM to determine how cell stiffness
differs among variants with differing metastatic potentials
but similar morphology, and how inhibiting metastasis
modulates cell stiffness. Since motility of cancer cells is a
critical characteristic in metastasis (Steeg 20006), the rela-
tionship between migration and cell stiffness using Trans-
well assay and AFM was studied. We previously reported
that (—)-epigallocatechin gallate (EGCG) in drinking water
inhibited both lung colonization of B16-F10 cells and
spontaneous metastasis of B16-BL6 cells from foot pad
into the lungs of C57BL/6 mice (Taniguchi et al. 1992).
EGCQG is the main constituent of green tea and is known to
be an effective cancer preventive beverage: 10 cups of
green tea daily prevented 50% recurrence of colorectal
adenomas in humans in phase II clinical trials (Shimizu
et al. 2008). In addition, some clinical trials have demon-
strated that green tea catechins are effective on cancer
prevention in prostate, oral, and cervical premalignant
regions, although human epidemiological studies with
green tea have been inconclusive (Bettuzzi et al. 2006;
Tsao et al. 2009; Connors et al. 2011; Singh et al. 2011;
Yang and Wang 2010). EGCG is a suitable tool to reveal
the significance of cell stiffness in inhibition of metastasis.
So, three metastatic B16 mouse melanoma cell variants and
EGCG-treated cells were used in this study using AFM.
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Three B16 melanoma cell variants (B16-F10, B16-BL6,
and B16-F1) have similar morphologies and growth rates.
But injections of these three cell variants into mouse tail
vein showed clear differences in their colony formation in
the lungs of C57BL/6 mice: B16-F10 cells produced the
highest number of foci; B16-BL6 cells, a medium number
of foci; and B16-F1 cells, the lowest number (Fidler 1973,
Poste et al. 1980). Our studies with Transwell assay and
AFM revealed that highly motile B16-F10 cells and
intermediate motile B16-BL6 cells have significantly lower
cell stiffness than low motile B16-F1 cells. And treatment
with EGCG dose-dependently induced increases in cell
stiffness (up to rigid elasticity) and inhibited the migration
of B16-F10 cells. This paper is the first report that cell
stiffness as measured by AFM is a key nanomechanical
feature indicating metastatic potential. In this paper, we
discuss the mechanism of inducing increases in cell stiff-
ness with EGCG, in relation to alteration of cell membrane
organization.

Materials and methods
Cell lines and reagents

B16-F10, B16-BL6, and B16-F1 cell variants were kindly
provided by Dr. Shun’ichiro Taniguchi at Shinshu Univer-
sity in Japan in 2009 and were stored in liquid nitrogen. The
variants were grown in DMEM (Nissui, Tokyo) with 10%
fetal bovine serum (JRH Bioscience, KS) and used within
2 months after resuscitation. Their origins and properties
were reported by Fidler (1973) and Poste et al. (1980), and
their morphologies, growth curves, and motilities had been
tested in 2010. EGCG (more than 99% purity) isolated from
Japanese green tea leaves was used for the experiments
(Fujiki and Okuda 1992). (—)-Epicatechin (EC) and methyl-
p-cyclodextrin (MCD) were purchased from Funakoshi,
Tokyo and Wako Pure Chemical Industries, Osaka.

Migration potential by Transwell assay

The migration potential of B16 cell variants was deter-
mined in a Transwell cell culture chamber (Becton—-Dick-
inson, NJ). Cells (1 x 10%/100 pul) in serum-free DMEM
containing 0.1% BSA were added to the insert well with
8-um-pore filter and then incubated with fibronectin
(0-10 pg/ml) (Becton-Dickinson) in lower chamber for
4 h at 37°C. The cells that migrated to the reverse side of
filter were stained with 0.4% Trypan blue and then counted
(Liotta et al. 1986). B16-F10 cells in the upper chambers
were incubated with various concentrations of EGCG or
EC, and with 5 pg/ml fibronectin in lower chambers for
4 h. Inhibition of cell migration was expressed as % of
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control, and the values are means of 3-5 independent
experiments conducted in duplicate.

Cell stiffness by AFM

MFP-3D-Bio-J] AFM (Asylum Research, CA) with a sharp-
ened silicon nitride cantilever (TR400PSA, 0.08 N/m of
spring constant, Olympus, Tokyo) was used for the experi-
ments. The spring constant of the cantilever was calculated by
the thermal fluctuation method (Levy and Maaloum 2002).
The cells (5 x 10* cells) were seeded on a 6-cm dish, and
after 2 days, seven force-curves per cell were obtained by the
determination of nuclear region on the cell. Force-curves were
recorded at 1 Hz for determination of Young’s modulus
(E: Pa) (Cross et al. 2007). E value was calculated by fitting
with the Hertz model. The half angle of the probe on canti-
lever was determined to be 17.5°, and the Poisson ratio of the
cell was taken to be 0.5 (Trickey et al. 2006). The effects of
EGCG, EC, and MBCD on stiffness of B16-F10 cells were
measured by AFM 4 h after incubation. The mean value of
Young’s modulus was obtained from log-normal fitting curve.

Statistics
Statistical analysis for differences in mean value of
Young’s modulus was conducted using nonparametric

analysis with Wilcoxon-Mann—Whitney, and the migration
was analyzed by a two-sample independent Student’s #-test.

Results

Migration of three B16 melanoma cell variants

The migration potentials of B16-F10, B16-BL6, and B16-F1
cell variants were determined by Transwell assay. The

Fig. 1 Migration of three B16

variants. Photos on left side 0 5

show representative membrane 7
attached migrated cells. B16- |
F10 (filled circle), B16-BL6
(open triangle), and B16-F1
cells (open circle)were
incubated in the insert well with
various concentrations of
fibronectin in the lower chamber

B16-F10 |

B16-BL6

for 4 h at 37°C. Average of four P .
independent experiments was | e

plotted with SD value.
*p < 0.01; Tp < 0.0001

B16-F1

e

numbers of migrated cells into the reverse side of filters
increased dose-dependently based on concentrations of
fibronectin and showed that B16-F10 cells were the most
motile, B16-BL6 cells medium motile and B16-F1 cells the
least motile (Fig. 1). When the numbers of migrated cells
were compared in the presence of 5 pg/ml fibronectin, B16-
F10 and B16-BL6 cells were threefold and twofold more
motile than B16-F1 cells. Our results are consistent with
previously reported data (Fidler 1973; Poste et al. 1980;
Duncan et al. 1998).

Cell stiffness of three B16 melanoma cell variants

Determination of AFM was conducted at the precise center
position of nucleus in a cell, and representative force-
curves for three cell variants are shown in Fig. 2a. The
force-curves provided slopes corresponding to the means of
Young’s modulus, and the difference in the slopes indi-
cated varying cell stiffness among the three cell variants.
Young’s moduli were obtained from 475 to 713 force-
curves for 85-127 cells of each variant and provided a
histogram showing their cell stiffness (Fig. 2b; Table 1):
Histogram shows a narrow spiked peak with mean value of
Young’s modulus 350.8 £ 4.8 Pa for B16-F10 cells, an
intermediate peak with mean value of Young’s modulus
661.9 £ 16.5 Pa for B16-BL6 cells, and a broader peak
with mean value of Young’s modulus 727.2 4+ 13.0 Pa for
B16-F1 cells. This means that the Young’s modulus of
B16-F10 cells has significantly lower cell stiffness, that is,
soft elasticity, than those of B16-BL6 (p < 0.0001) and
B16-F1 (p < 0.0001). Also, B16-BL6 cells show lower cell
stiffness, that is, soft elasticity, than B16-F1 (p = 0.005).
The mean of Young’s modulus was found to be inversely
correlated with the number of migrated cells at 5 pg/ml
fibronectin (Table 1). Furthermore, the three cell variants
had much lower Young’s modulus (Pa) than normal mouse
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Fig. 2 Cell stiffness of three B16 variants. a AFM cantilever (black
trigona) located on the nucleus in the cell. Extension curve (solid
line) of the cell is used for calculation of Young’s modulus.
b Histograms of Young’s modulus obtained from 550 curves (B16-

fibroblasts (BALB/3T3)—a mean of 1,370 Pa—indicating
that the melanoma cell variants have lower cell stiffness
than normal cells, that is, soft elasticity. Thus, low cell
stiffness is apparently a key characteristic of higher
motility: We think that cell stiffness determined by AFM
quantitatively indicates discrete migration potential—and
probably metastatic potential—of individual cancer cells,
even cells that are morphologically similar.

Increasing stiffness of B16-F10 cells with EGCG
associated with inhibition of migration

Treatment of highly motile B16-F10 cells with EGCG
reduced the numbers of migrated cells into reverse sides of
filters in the presence of 5 pg/ml fibronectin. Specifically,
treatments with 50, 100, and 200 pM EGCG dose-depen-
dently reduced the migration of B16-F10 cells to 57.1,
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F10 cells), 475 curves (B16-BL6 cells), and 713 curves (B16-F1
cells). Black line indicates fitting curve obtained from log-normal
distribution

30.3, and 12.6%, respectively (Fig. 3), without affecting
viability of the cells (103.6, 107.1, and 95.2%, respec-
tively). These results supported our previous evidence
showing that EGCG in drinking water inhibited the
metastasis of B16-F10 cells into the lungs of C57BL/6
mice (Taniguchi et al. 1992), as mentioned above. EC, an
inactive green tea catechin, showed only marginal inhibi-
tion (Fig. 3).

Next, the stiffness of B16-F10 cells treated with EGCG
for 4 h was determined by AFM: Histogram shows that
EGCG dose-dependently shifted Young’s modulus to the
high Pa side, indicating an increase in cell stiffness, that is,
toward rigid elasticity (Fig. 4). The mean of Young’s
modulus for non-treated B16-F10 cells was 441.0 £ 8.1
Pa: Treatment with 50 M EGCG elevated the mean
of Young’s modulus to 579.5 + 27.0 Pa, with 100 uM
EGCG to 680.0 £ 27.3 Pa, and with 200 pM EGCG to
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Table 1 Relationship between cell migration and cell stiffness in B16 melanoma cell variants

Migration

Cell stiffness

Mcan value of

Young’s modulus No. of force-curves/

No. of migrated

Distribution of cell stiffness Maximum value

cells* (E: Pa £ SD) No. of examined cells (% of cells) (kPa)
<1kPa 1-2kPa 2-5kPa 5SkPa<
B16-F10 99.6 + 18.3} 350.8+4.8 } 550/96 87.8 6.4 5.6 0.2 5.08
[+
B16-BL6 639+ 19. leJ i 661.9 + l6.51|3 d 475/85 55.8 204 17.9 59 18.03
B16-F1 326+192 727.2+13.0 713/127 515 214 18.2 8.8 22.30
* Fibronectin at Spg/ml
* p < 0.0001
ip <001
Fig. 3 Inhibition of B16-F10 .
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representative membranes ; 100
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circle). Number of migrated EL
cells in non-treated cells was ' 35
expressed as 100%. Average of | .2 L 50
five independent experiments : ! | 2 c;
was plotted with SD value. EGCG 100 uM | - | s
#p < 0.001; Tp < 0.0001 Yl B
<
o S —— E
EGCG 200 uM e , , -
0 100 200
Concentration (uM)

804.5 £ 20.1 Pa (Fig. 4). Thus, treatment with EGCG
increased Young’s modulus of B16-F10 cells to the level
of low motile B16-F1 cells. But, the treatment with
100 pM inactive EC did not show any increase in mean of
Young’s modulus, to be only 359.6 £ 28.0 Pa. Thus, the
treatment with EGCG induced increased cell stiffness, that
is, rigid elasticity, without causing any morphological
change or growth inhibition. The results clearly demon-
strated that increasing cell stiffness (rigid elasticity) is
associated with reduction of migration, probably inhibition
of metastasis.

Increasing cell stiffness by alteration of membrane
organization induced with MCD

Considering the mechanism of EGCG, we previously
reported that EGCG interrupts the interaction of ligands

with their receptors on cell membrane, which we named
the sealing effects of EGCG (Yoshizawa et al. 1992; Fujiki
2005). This is associated with results showing that EGCG
causes reduction of detergent-insoluble membrane domain,
that is, a decrease of lipid raft (Yoshizawa et al. 1992;
Fujiki 2005; Adachi et al. 2007). We next studied whether
another reagent that generates an EGCG-like effect on
membrane organization could also enhance cell stiffness.
MpCD is a typical reagent for inducing alteration of
membrane organization (Yancey et al. 1996; Adachi et al.
2007), and as we expected, treatment with 10 mM MSCD
for 1 h increased Young’s modulus threefold (Fig. 5a).
MpCD dose-dependently inhibited migration of B16-F10
cells without affecting cell viability. The results suggest
that the alteration of membrane organization is a key
mechanism in increasing cell stiffness (changing to rigid
elasticity), resulting in inhibition of cell migration.
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Fig. 4 Increase of cell stiffness
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Discussion

This manuscript reports that cell stiffness (measured by
AFM) can predict cell migration, and probably metastatic
potential, among cell variants with similar morphologies
and growth rates: Lower cell stiffness (soft elasticity) with
low Young’s modulus is associated with higher migration
potential, although it was recently reported that cell elas-
ticity (stiffness) was closely related to cell morphology
(Guo et al. 2012). Previous biomechanical investigations
using AFM reported that cancer cells have a lower Young’s

@ Springer

2 4 Concentration (mM)

modulus—i.e., soft elasticity—than normal/benign cells,
for example, bladder cancer cells vs. normal bladder cells,
breast cancer cells (MCF-7) versus non-malignant breast
cells (MCF-10A) (Lekka et al. 1999; Li et al. 2008). Our
study also demonstrates that three B16 cell variants had
significantly lower means of Young’s modulus—lower cell
stiffness (softer elasticity)—than normal BALB/3T3 cells,
and that the mean of Young’s modulus is an indicator of
migration potential, and probably metastatic potential. The
results are well supported by investigation with a magnetic
tweezer system: Cancer cells with high migration potential
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were less stiff than cells with low migration potential
(Swaminathan et al. 2011). Thus, we think that cell stiff-
ness is an important quantitative diagnostic marker of
metastatic property as well as diagnosis of cancer (Cross
et al. 2009; Suresh 2007).

Histogram of Young’s modulus clearly indicates the
qualitative difference between high metastatic B16-F10
cells and low metastatic B16-F1 cells: B16-F10 cells
showed narrower distribution of Young’s modulus, and
B16-F1 cells presented a broad distribution. B16-F10 cells
were originally selected from B16-F1 cells by 9 times
repeated in vivo selection, and as a result, B16-F10 cells
possess an increased colonizing ability in the lungs after
i.v. injection (Fidler 1973). So we assume that cells with
low Young’s modulus are accumulated during in vivo
selection, and that broad distribution of Young’s modulus
in B16-F1 cells reflects either the multi-clonality of cancer
cells or the presence of subpopulations with different cell
motilities, and probably discrete metastatic potentials.
AFM is the first method of quantitatively measuring indi-
vidual cell features, and we think that the discrete char-
acteristics of cancer cells proposed by Tomizo Yoshida in
1955 have been proved by AFM (Yoshida et al. 1955).

Our study with EGCG indicated that increased cell
stiffness is a nanomechanical feature associated with
inhibition of cell migration, and probably metastasis.
Treatment with green tea extract made tumor cells obtained
from cancer patients more stiff (Cross et al. 2011), and
similar investigations revealed that transfection of a
metastasis suppressor gene (breast cancer metastasis sup-
pressor 1, BRMS1) increased Young’s modulus of meta-
static human breast cancer cell line (MDA-MB-435) 3.8
fold and suppressed metastasis (Wu et al. 2010). These
results suggest that cell stiffness can be altered by treat-
ment with inhibitors of metastasis, such as EGCG, and that
an increase in nanomechanical stiffness along with high
Young’s modulus, that is, rigid elasticity, is associated with
inhibition of cell migration. Curcumin is a cancer pre-
ventive compound and inhibits metastasis (Anand et al.
2008; Menon et al. 1999). We recently found that curcumin
also significantly increased the cell stiffness of B16-F10
cells and inhibited migration of the cells (manuscript in
preparation).

As for the potential mechanism of changing cell stiff-
ness, we demonstrated an alteration of membrane organi-
zation, although cell stiffness is often discussed in relation
to the reorganization of cytoskeletal F-actin (Costa 2003;
Cross et al. 2011). The increase in cell stiffness after
treatment with EGCG is related to the sealing effects of
EGCG, which inhibit the interaction of ligands with their
receptors by alteration of cell membrane organization
(Yoshizawa et al. 1992; Fujiki 2005; Adachi et al. 2007).
Treatment of cells with EGCG inhibited EGF binding to its

receptor and the activation of EGF receptor through alter-
ation of membrane organization. MSCD is reported to
inhibit EGF receptor activation by depletion of cholesterol
from the membrane, similar to EGCG does (Yancey et al.
1996; Adachi et al. 2007). Since cell stiffness determined
by AFM is a general feature of membrane, cytosol,
nucleus, and cytoskeleton, we think that AFM can detect
early biochemical reactions on cell membrane induced by
EGCG and MfSCD, as changes in cell stiffness. Since a
difference in membrane lipid composition was found
among B16 melanoma cell variants (Schroeder and Gard-
iner 1984), lipid composition in the membrane might affect
cell stiffness as well as metastatic potential.

We here report for the first time that low cell stiffness
with low Young’s modulus is associated with high cell
migration, and that elevating cell stiffness is a new nano-
mechanical feature leading to inhibition of cell migration,
and very likely metastasis. The study of cell stiffness by
AFM will soon open a new era for more positive cancer
prognosis.
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