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ABSTRACT
Any cellular response leading to morphological changes is highly tuned to balance the force
generated from structural reorganization, provided by actin cytoskeleton. Actin filaments serve as
the backbone of intracellular force, and transduce external mechanical signal via focal adhesion
complex into the cell. During migration, cells not only undergo molecular changes but also rapid
mechanical modulation. Here we focus on determining, the role of spatial distribution of
mechanical changes of actin filaments in epithelial, mesenchymal, fibrotic and cancer cells with
non-migration, directional migration, and non-directional migration behaviors using the atomic
force microscopy. We found 1) non-migratory cells only generated one type of filament elasticity, 2)
cells generating spatially distributed two types of filament elasticity showed directional migration,
and 3) pathologic cells that autonomously generated two types of filament elasticity without spatial
distribution were actively migrating non-directionally. The demonstration of spatial regulation of
filament elasticity of different cell types at the nano-scale highlights the coupling of cytoskeletal
function with physical characters at the sub-cellular level, and provides new research directions for
migration related disease.
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Introduction

Cell migration is an essential process in all multicellular
organisms. Cell migration participates in morphogenetic
movements during development and contributes to tis-
sue renewal, immune responses, wound healing, and
cancer metastasis.1 Different cell types exhibit different
migratory patterns. Generally speaking, normal epithelial
cells or endothelial cells that provide form the sturdy
architectural foundation for tissues and organs are more
stable and less motile. Mesenchymal cells, such as fibro-
blasts, on the other hand, are usually more motile due to
their nature to migrate within the mesenchyme.2 The
contrast in the ability to migrate is featured in the migra-
tion assay, in which epithelial cells that increases migra-
tion speed after stimulation are termed undergoing
epithelial-to-mesenchymal transition, EMT.3 Abnormal
cells such as cancer cells, are also motile, and the degree
of their motility often correlates with the level of

malignancy. There are also cell types that could shift
between static and motile states autonomously, such as
the U2OS osteosarcoma cells that could either be in the
non-polarized static state or polarized and undergo
directional migration.4

To characterize the migration behavior of a series of
cells with the same origin differing by their malignancy,
a static, non-motile normal epithelial cell would have
low speed, low velocity, and low persistence. A low-
grade, non-directional migration (or random migration)
transformed version of this cell would have a moderate
speed, low velocity, and low persistence. A highly malig-
nant cancer cell that display directional migration would
have high speed, high velocity, and high persistence.4

Highly migratory cells do not always migrate direction-
ally; in the case of keloid fibroblasts, a disease character-
ized by abnormal fibroblasts migrating and expanding
beyond the original wound boarder, are highly motile
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but also non-directional.5 These cells would have a high
speed, low velocity and low persistence.

Furthermore, depending on how the classification is
defined, there are various modes of migratory behavior.
Distinct modes of migration range from the movement of
single cells to collective cell migration, where groups of
cells move coordinately (Friedl and Wolf 2010). The
movement of a single cell can further be described as
either random or directional migration, depending on the
persistence of its migrating track. The exact mechanism of
how a cell can directionally migrate with persistence has
yet to be fully understood; however, the principle is that
cells containing polarity signaling machinery influence
directional cell motility. These signals may come from the
topography of the ECM, constituents of the matrix, distri-
bution of soluble or substrate-bound guidance cues and/or
other factors.6 Morphologically speaking, in order for a
cell to directionally migrate persistently, the new protru-
sions and subsequent new adhesions need to be forming
on the same front-rear axis as the cell body. In other
words, if new lamellipodia were formed away from the
leading edge, the cell would move away from the original
line of migration. Multiple cycles of such spontaneous for-
mation of non-directionally persisting protrusions would
lead to the random migration of the cell.7

To migrate efficiently, cells must possess asymmetric
reorganization of cytoskeleton in order to generate a lead-
ing and a trailing edge.8 This asymmetry can also be
observed mechanically; invasive cancer cells migrate with
peaks in high traction forces exerted on the substrate,
while less invasive cells develop traction stresses almost
constant in time.9 In live and polarized Dictyostelium dis-
coideum, the front end of the cell is stiffer than the rear
end.10 These reports suggest that during migration, cells
undergo spatial reorganization of force generation, which
could be a result of change in actin filament elasticity.

Actin cytoskeleton is responsible for a cell’s ability to
change and adapt to their environment, migrate,
divide.11 The mechanical properties of the actomyosin
cytoskeleton and its contractility play an important role
in cell motility, especially for movement within tissue or
in confined space. Our previous study on the highly
migratory keloid fibroblasts have shown that migrating
cells display two distinct types of filament elasticity.
However, no spatial distribution of these filament elastic-
ity were observed. Whether spatial distribution of fila-
ment elasticity is important in regulating different
modes of migration remains to be investigated.

To summarize, the ability of a cell to migrate direc-
tionally or non-directionally (randomly), is tightly regu-
lated by the intricacies of actin cytoskeleton,
microtubules, signaling mechanism, and cellular forces.
Although previous studies have explored extensively into

the signaling and dynamic organization of cytoskeleton
during cell migration, few have investigated the spatial
pattern of force distribution and the mechanical proper-
ties of actin filaments during different modes of migra-
tory behavior. The project combined the advances in
nanotechnology with the foundation in cell biology,
screened various cell types from epithelial to mesenchy-
mal, normal, diseased, to transformed, and tried to
answer one question. “Could we determine the migratory
behavior of a cell from the spatial distribution of elastic-
ity of its actin filaments?”

Materials and methods

Cell culture

U2OS, NIH-3T3, NRK52E, NRK49F, M10, MCF-7, and
MDA-MB-231 were cultured according to ATCC’s rec-
ommendations. U2OS cells were stimulated according to
Khyrul et al.12 to facilitate polarization.

Primary culture of keloid fibroblasts

The experiment was approved by Institutional Review
Boards in National Cheng Kung University Hospital,
according to the Helsinki Declaration (NCKUH-
10105017/BR-100-102). The isolation of fibroblasts from
tissues was performed as previously described.13 The epi-
dermis and subcutaneous tissue were excised from the
sample tissue, which was then cut into roughly 1 mm3

fragments using a blade, and placed as explants in
25 cm2 tissue culture flasks with 5 ml culture medium
consisting of Dulbecco’s modified Eagle’s medium
(DMEM), L-glutamine, streptomycin (100 mg/mL), pen-
icillin (100 U/mL) and fetal calf serum (10%). The cell
culture was maintained at 37�C in humidified incubator
with 5% CO2. Growth medium was changed every 3–4 d.
Some of the harvest fibroblasts were frozen in 10%
DMSO containing serum at ¡80�C until use. Fibroblasts
used in these experiments were limited to passages 3-8.
The control group was from anatomical region- and age-
matched healthy subjects.

Atomic force microscopy live cell imaging
and indentation

The method is adopted from the work of Harn et al.5 A
NanoWizard II (JPK Instruments, Berlin, Germany)
AFM mounted on an inverted epi-fluorescent micro-
scope was used for all experiments. Silicon nitride canti-
levers (CSC-38B, MikroMasch, Sofia, Bulgaria) with a
nominal spring constant of 0.03 N/m [calibrated using
the thermal noise method 14] and cone half angle < 15�
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were used for both imaging and indenting. All AFM
images and measurements were obtained in contact
mode in liquid phase. For AFM analysis of living cells, a
temperature-controlled sample holder Bio-Cell filled
with DMEM containing 10% FBS as culture media was
used.

To scan and imagine a living cell, we positioned the
scanning range of AFM cantilever tip to ensure full cov-
erage of the cell under the light microscopy. The cell was
then scanned with tip velocity controlled at 100 mm/sec
and force applied between 0.5 »1 nN. The whole scan-
ning time was kept under 15 min to minimize the
changes in cytoskeleton throughout the process. The
image file was processed using JPK data analysis software
(JPK Instruments, Berlin, Germany), where the deflec-
tion, height, 3-dimensional, and cross-section profile
images were extracted.

After obtaining the scanned image, the indentation
points were selected according to the scanned fluores-
cent image, where prominent actin filament could be
identified (Fig. 1A). We indented the cell at 1 nN
around the periphery at 3~5 mm apart. During elasticity

measurements, force–distance curves were recorded
continuously at 1 Hz (1 s per mm during approach–
retract force curve). The determination of the elastic
modulus from the force–distance curves was performed
using the Sneddon’s variation of the Hertz model 15,16

through JPK data analysis software (JPK Instruments,
Berlin, Germany). The force on the cantilever F(h) is
given by:

F hð ÞD 2
p
tana

Esample

1¡ v2sample

h2

where h is the depth of the indentation, E is the effective
modulus of a system tip-sample, v is the Poisson ratios
for the sample, and a is the half-opening angle of the
AFM tip. When calculating the elasticity from the force
curves, only the indentation depth up to 200 nm was
used (gray region, SI Fig. 1). This method is originally
adopted from Martens and Radmacher.17 The elasticity
heatmap of each filament was constructed using MatLab

Figure 1. Migrating osteosarcoma cells display a polarized distribution of different filament elasticity. (A) Contact-mode AFM deflection
images and indentation points (yellow dots) of a living round and polarized U2OS cell. Designated locations of a polarized U2OS cell are
indicated by the arrows and texts. (B) Dot plot showing filament elasticity with respect to different locations of the cell in round and
polarized state. Each dot indicates an average of filament elasticity from at least 4-10 indentation points. (C) Left panel: AFM scanned
images of a polarized U2OS cell. The yellow dots indicate the indentation points measured. Red images: Right panel: Overlay image of
filament elasticity displayed as color heatmap and confocal image of polarized U2OS cells stained with phalloidin for filamentous actin.
(D) Dot plots showing cell height and elasticity in round and polarized state. Data from at least 8 cells were collected in each group.
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after the XY coordinate and elasticity of each respective
indentation point was obtained.

Confocal images and three-dimensional
reconstruction

The cells were fixed by 4% paraformaldehyde and per-
meabilized with 0.5% Triton X-100. Fixed cells were
blocked with SuperBlock blocking buffer (Thermo Scien-
tific, MA, USA) for 1 h and then incubated with desig-
nated primary antibody (BD, CA, USA) for overnight at
4�C and incubated with a anti-mouse or rabbit IgG con-
jugated with Alexa 488 (Molecular Probe, Oregon, USA),
phalloidin-TRITC (Sigma-Aldrige, MO, USA) and
Hoechst 33258 (Sigma, MO, USA). The serial sections of
immunofluorescence images were taken under confocal
microscopy (Olympus, FV-1000, Tokyo, Japan) at thick-
ness < 0.3 mm per section. The serial images were recon-
structed using Avizo standard software (VSG, MA, USA)
to obtain the final 3D images.

Fibroblast wound healing assay

3T3 cells were seeding in 6 cm dish at the density of 3 £
106 and kept until confluent. A wound was created by
using a pipet tip to scratch off a line of cells across the
center of the dish. The dish was then incubated for 8 h
or 24 h until the cells migrate into the gap.

Inhibitor treatment

CytoD or ML-7 (Sigma-Aldrige, MO, USA) was added to
the culture medium according to the desired dose 8 hours
after the cells were seeded. The cells were measured after
12 hours of treatment. The effect of CytoD or ML-7 on
actin filaments were confirmed with immunofluores-
cence imaging of the filamentous actin.

Real-time cell recording and tracking

Real-time cell recording and tracking were performed
according to Huang et al.4 Briefly, the cells were cultured
in 3 cm dish and placed on an inverted microscope
under a temperature and CO2-controlled environment.
Cell images were taken every 30 min for 12 hours. These
captured images were complied, and the migratory pat-
tern were analyzed using Leica MDW software (Leica,
Wetzlar, Germany).

Statistics

All the numbers presented are displayed as mean § SE.
At least 16 filaments in at least 10 cells were measured
for each condition. Unpaired t test was performed using
Prism 6 (GraphPad Software, La Jolla, CA, USA), and
values of P < 0.05 were considered statistically signifi-
cant. �P< 0.05, ��P<0 .01, ���P<0 .001.

Results

Cell polarization and migration are characterized by
generating distinct and spatial filament elasticity

Migration is characterized by rapid actin cytoskeletal
reorganization, focal adhesion turnover, and traction
force generation.18 To study changes in the mechanical
properties of actin filaments and cells during cell migra-
tion, we had previously set up a bio-AFM system with
which we could scan and indent a living cell and fila-
ments in a stable temperature-controlled environment.5

We adopted U2OS osteosarcoma cell into our system
due to its autonomous polarizing nature in directional
migration.12 In the round, non-polarized state, the AFM
images showed linear filamentous structures on cell
periphery with a prominent nucleus protrusion at the
center (Fig. 1A, Round). In the polarized cell, the AFM
image showed the cell displaying a long and short axis,
with linear filaments at the lateral edges of the cell. In
this study, the locations of a polarized U2OS cell are cat-
egorized into front, lateral, rear and tail (Fig. 1A, Polar-
ized). The thicknesses of the two lateral edges were
similar, while the front (leading) edge of the cell is rela-
tively flatter in comparison to the rear edge.

The changes in the mechanical properties of the fila-
ments and the cell during polarization could be observed
on the dot plot (Fig. 1B). Round cell displayed only one fil-
ament elasticity throughout cell periphery at 32.6 § 2.2
kPa, while polarized cell showed at least 4 distinct filament
elasticity on different parts of the cell. The lateral edge of
the cell showed the highest elasticity (29.4 § 3.0 kPa), fol-
lowed by front (23.0 § 5.04 kPa), tail (3.90 § 1.81 kPa)
and rear (2.71§ 0.29 kPa). The respective spatial distribu-
tion of filament elasticity and filamentous actin is demon-
strated in Figure 1C). Cell polarization also affected
nucleus elasticity, as it increased from 0.47 § 0.03 kPa in
round state to 1.73§ 0.32 kPa when polarized. Cell height
was inversely correlated with nucleus elasticity, as it was
higher in round (6.16 § 0.51 mm) than polarized state
(3.69 § 0.19 mm) (Fig. 1D). These results showed the re-
distribution of actin filaments and the change in their elas-
ticity could play an important role in cell polarization.
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Generating distinct and spatial filament elasticity is
essential for cell polarization and migration

Next we would like to know whether generating distinct
spatial filament elasticity is essential for cell polarization
and migration. We treated U2OS cells with actin poly-
merization inhibitor Cytochalasin D (CytoD) and
observed that cell morphology, filament elasticity, and
the ability to polarize over time were all affected. As indi-
cated by AFM-deflection images, the linear filamentous
structures on cell surface were reduced when cells were
treated with CytoD (Fig. 2A). 50 and 200 nM of CytoD
reduced the filament elasticity of round U2OS cells from
37.9 § 2.9 kPa to 16.9 § 1.3 kPa and 3.05 § 0.52 kPa,
respectively (Fig. 2B). These numbers are important
because they set the upper limit of filament elasticity
under each dose of CytoD treatment. We further specifi-
cally measured filaments of the polarized U2OS cells
after treated with CytoD, and found that these cells

displayed distinct filament elasticity despite the change
in morphology and reduced polarization. Treating the
cells with ML-7, the inhibitor of myosin light chain
kinase, resulted in similar morphological changes
(Fig. 2D), reduction in filament elasticity (Fig. 2E), and
altered polarized percentage (Fig. 2F). Lastly, we showed
the total distance, net distance, and persistence profiles
of the CytoD or ML-7 treated cells were all decreased sig-
nificantly (Fig. 2G-I). In parallel, these results showed the
ability of actin filaments to re-distribute and change their
elasticity is essential to the polarization of the cell.

Spatial distribution of filament elasticity reflects the
migrating modes of the cells

To further understand the relationship between spatial
distribution of distinct filament elasticity and the migra-
tory behavior of the cell, we scanned a series of cell lines,

Figure 2. Inhibition of actin polymerization or myosin light chain kinase reduce filament elasticity, cell polarization and directional
migration in U2OS cells. (A) Contact-mode AFM deflection images and indentation points (yellow dots) of living U2OS cell treated with
different doses of CytoD. (B) Dot plot showing filament elasticity of round U2OS cells treated with different doses of CytoD. (C) The
changes in percentage of polarized cells with respect to different doses of CytoD. (D) Contact-mode AFM deflection images and indenta-
tion points (yellow dots) of living U2OS cell treated with 20 mM of ML-7. (E) Dot plot showing filament elasticity of round U2OS cells
treated with different doses of ML-7. (F) The changes in percentage of polarized cells with respect to different doses of ML-7. Each dot
indicates an average of filament elasticity from at least 4–10 indentation points. Cells treated with 200 nM of CytoD, 30 mm of ML-7
were compared with control for total distance (G), net distance (H), and persistence (I). Persistence is defined as net distance over total
distance. Cell activity was recorded in 5-min cycles for 4 h. Bar: 20 mm. Data from at least 10 cells were collected in each group. The per-
centage of polarization were calculated from 3 sets of independent experiments where at least 50 cells were counted in each set.
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from epithelial cells, fibroblasts, to different levels of
malignant cancer cells. NRK52E and NRK49F, kidney
epithelial cells and fibroblasts derived from rat, respec-
tively, were non-migratory and only showed one type of
filament elasticity (Fig. 3A and B). M10, normal breast
epithelial cells were also non-migratory and displayed
one type of filament elasticity. MCF-7, the less malignant
breast cancer cells, showed a wider range of filament
elasticity (from 8kPa »81kPa), but no spatial distribu-
tion of distinct filament elasticity were observed. Lastly,
in the highly malignant breast cancer cells MDA-MB-
231, the cells displayed distinct filament elasticity with
the stiff ones located at the head end (»22kPa) while the
tail end showed soft filament elasticity (»5kPa) (Fig. 3C
and D). These findings indicate that spatial distribution
of distinct filament elasticity reflects the migratory
modes of the cell.

Keloid fibroblasts show non-spatially distributed
filament elasticity and non-directional migration

To further explore the changes in distribution of filament
elasticity in different modes of migration, we used keloid
fibroblast as a model. Our previous findings have shown
that the ability to generate distinct filament elasticity
autonomously could be an important feature contribut-
ing to the migrating nature of these pathologic cells.5 In
several of the scanned images of keloid fibroblasts, we
noticed lamellipodia forming at the narrow end of the

cell (Fig. 4A, white arrows). This is quite a contrast to
our previous observation where lamellipodia were usu-
ally formed at the wider “front” end of the fibroblast.
This hints that the cell was forming a new leading edge
at what may had been an old rear end. In order to under-
stand the spatial distribution of filament elasticity in
keloid fibroblasts, we analyzed the filament elasticity of
keloid fibroblasts according to its respective location on
the cell (Fig. 4B). Despite autonomously generating 2
distinct types of filament elasticity, both elasticities of
these filaments were distributed at all locations of the cell
(front, lateral and rear). We also compiled time-lapse
images of keloid fibroblasts migration over 12 h, and
most of the cells migrated non-directionally (Fig. 4C,
orange lines). This migrating pattern indicates that new
lamellipodia were spontaneously forming at all locations
of the cell, hence the mixing pattern of filament elasticity.
Collectively speaking, keloid fibroblasts show non-spa-
tially distributed filament elasticity and non-directional
migration.

Spatial distribution of filament elasticity determine
the migratory mode of the cell

To examine how filament elasticity affect the migratory
mode of the cell, we compared the filament elasticity and
recorded time-lapse video to observe the migratory
behavior of various types of cells from epithelial, fibro-
blast, cancer and pathologic origins (Fig. 5). Both kidney

Figure 3. Spatial distribution of filament elasticity reflects migrating modes of cells. (A) AFM-scanned image of NRK52E and NRK49F
cells. (B) Dot plot showing filament elasticity of NRK52E and NRK49F cells. (C) AFM-scanned image of M10, MCF-7, and MDA-MB-231
cells. (D) Dot plot showing filament elasticity of M10, MCF-7, and MDA-MB-231 cells. Data from at least 10 cells were collected in each
group.
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epithelial cells NRK52E and fibroblasts NRK49F were
not migratory and displayed only one stiff type of fila-
ment elasticity at around 30 kPa (Fig. 5, Kidney Epith,

Kidney Fibro). Embryonic fibroblast NIH-3T3 cells were
also non-migratory; however, when stimulated to
undergo directional migration during wound closure

Figure 4. Keloid fibroblasts show non-spatially distributed filament elasticity and non-directional migration. (A) An AFM-scanned image
of keloid fibroblast shows lamellipodia forming at the narrow end of the cell, marked by the white arrows. (B) Dot graph displaying the
different filament elasticities measured from different location of the keloid fibroblasts. (C) Compiled time-lapse image of keloid fibro-
blasts migration over 12 h. Orange lines indicate the migrating track of the designated cells.

Figure 5. Spatial distribution of filament elasticity determine the migratory mode of the cell. Summary of migratory mode, migratory
track, morphology, and spatial distribution of filament elasticity of kidney epithelial cell (Kidney Epith), kidney fibroblast (Kidney Fibro),
NIH-3T3 embryonic fibroblast, U2OS osteosarcoma cell, normal and breast cancer cell, and normal fibroblast (Norm Fib) and keloid fibro-
blast (Keloid Fib). Migratory track images are illustrations of migratory distance and pattern recorded over 12 hours using time-lapse cell
tracing software. The morphology images are AFM-scanned images. Spatial distribution of filament elasticity of each cell type is dis-
played by the dot plot. Mig. Mode: Migratory mode. Non-Mig: non migratory. Dir-Mig: Directional migration. Non-Dir Mig: Non-direc-
tional migration. Data from at least 10 cells were collected in each group.
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assay, the cells showed spatial distribution of filament
elasticity with stiff filaments in the front and soft ones in
the rear end (Fig. 5, NIH-3T3). Osteosarcoma U2OS
cells showed one stiff filament type when non-polarized,
and like the stimulated 3T3 fibroblasts, displayed a stiff
front edge and a soft rear end when polarized and direc-
tionally migrated (Fig. 5, U2OS). Normal breast epithe-
lial cell M10 were non-migratory and only displayed one
filament elasticity. The low-malignant breast cancer cell
line MCF-7 were barely migratory, thus showing a few
filaments with soft elasticity (between 8»11 kPa). The
highly malignant breast cancer cell line MDA-MB-231
display prominent directional migration behavior, and
also showed distinct and spatially distributed filament
elasticity at the front and rear end of the cell (Fig. 5, Nor-
mal/Breast Cancer Cell). Lastly, primary normal fibro-
blasts from human skin did not migrate much and
showed only one stiff filament type. However, in primary
keloid fibroblasts, filaments of both elasticity were non-
spatially distributed in all locations of the cell, while
showing an active yet non-directionally migrating pat-
tern. (Fig. 5, Normal/Keloid Fibroblast)

Microtubules may play an important role in
determining the migratory mode of cells

Reports have described that the crosstalk of microtu-
bules and actin play an important role in cell polarity
and directional migration.19 To explore the possible fac-
tor affecting cell polarity during cell migration in our
model, we examined the organization of microtubules
during non-migrating, directional migration, and non-
directional migration. The microtubules in round, non-
polarized U2OS cells were mostly distributed in the
central region of the cytosol with a prominent MTOC
located proximal to the nucleus. On the other hand, in
its polarized state, the microtubules were mainly distrib-
uted in the rear end of the cell (SI Fig. 2A). We then
performed the same experiments on non-polarized and
polarized 3T3-fibroblasts. The 3D-reconstructed images
show that in the non-polarized fibroblast, the distribu-
tion of microtubules are symmetrical and evenly distrib-
uted throughout the cytosol. On the other hand, in its
polarized state, more microtubules are distributed in
the rear end (SI Fig. 2B). Generally speaking, the loca-
tion of microtubules and actin filaments show comple-
mentary pattern. We further treated the fibroblasts with
a microtubule polymerization inhibitor, nocodazol, and
showed that the fibroblast lost its mesenchymal-like
spindle shape feature and became rounded (SI Fig. 2C).
Furthermore, the distribution of microtubules changed
from located at the spindle endings of the cell to an
even distribution around the outer cytosol. Treating

cells with microtubule inhibitor not only affected the
polymerization and distribution of microtubules, but
also the organization of actin filaments and cell shape
and polarity as a whole. Lastly, we examined the expres-
sion of microtubules in the non-directionally migrating
keloid fibroblasts. The results show that microtubules
were downregulated in comparing to normal fibroblasts
(SI Fig. 2D). These results implicate the complementary
relationships of microtubules and actin cytoskeletons,
and signify the important role of microtubule in gener-
ating the polarity and migratory modes of the cell.

Discussion

This study shows that 1) non-migratory cells only gener-
ated one type of filament elasticity, 2) cells generating
spatially distributed two types of filament elasticity
showed directional migration, and 3) pathologic cells
that autonomously generated two types of filament elas-
ticity without spatial distribution were actively migrating
non-directionally. We postulate that migrating cells
(U2OS, breast cancer cells, or keloid fibroblasts) showed
a softer population of filaments because the focal adhe-
sions of those filaments were disassembling, which also
led to the depolymerization of the associated actin fila-
ments, and allowed the cells to migrate forward. This is
also the reason why the softer population of filaments
was not identified in the population of non-migratory
cells we examined (NRK52E, NRK49F, non-stimulated
NIH3T3, non-polarized U2OS cells, primary skin nor-
mal fibroblasts, Fig. 5). In our previous work we used
PF573228, an inhibitor of FAK phosphorylation at tyro-
sine 397, to treat keloid fibroblast and show that all of
the filament elasticity were lowered, and the cells could
not migrate effectively.5

One of the most significant findings of this study is
how spatial distribution of distinct filament elasticity
leads to different modes of migration. As illustrated in
Figure 5, although keloid fibroblasts also generated 2
types of filament elasticity autonomously, these filaments
were not spatially distributed as in the cases of migrating
polarized U2OS cells or migrating malignant breast can-
cer MDA-MB-231 cells. Since the nature of keloid patho-
genesis is characterized by keloid fibroblasts migrating
beyond the original boarder of the wound, we speculate
that these active keloid fibroblasts are constantly generat-
ing new lamellipodia in order to “probe” and “reach out”
from any given location of the cell to the new surround-
ings, and hence this cytoskeleton dynamics were
reflected in the non-spatial distribution of filament elas-
ticity. On the other hand, both polarized U2OS cells and
MDA-MB-231 cells showed high persistency in their
migrating behavior, which correspond to the high
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spatially distributed filament elasticity. These results all
point to not only the mechanical but also spatial regula-
tion of actin filaments are finely tuned in regulating the
behavior of the cell.

More importantly, since the actin stress fibers are
linked to the two major modules controlling mechano-
transduction and response, the focal adhesions and the
nucleus, the elasticity of the actin filaments could provide
very insightful information regarding the status quo, of
the state of the cell behavior. A screening of various cell
types with different migratory behavior as performed in
this study demonstrates that (Fig. 5). Epithelial cells are
the building blocks of our organs, and thus the cells are
less motile, in which the filament elasticity are uniform.
Mesenchymal cells are migratory, and therefore a high
and low of distinct filament elasticity could be observed
in the same cell, reflecting the net imbalance force in
order for the cell to move. Furthermore, depending on
the spatial distribution of these filaments, the migratory
behavior – direction or non-directional – could be
delineated.

The role of microtubule in cell polarization and
directional migration is another intriguing finding in
this study. We showed that upon treatment of nocoda-
zole, cells failed to polarize, and microtubules were
downregulated in the non-directional migrating keloid
fibroblasts. Ganguly et al. have used tubulin mutations
or low concentrations of drugs that suppress microtu-
bule dynamics, and showed that migrating cells still
extended lamillipodia but were inhibited in their ability
to retract their tails. These cells could still move at near
normal speeds, but showed more random, non-direc-
tional migration.20 The continual targeting of microtu-
bules to focal adhesion therefore is essential for the
directional migration of the cell. Evidences suggest that
microtubules may track along actin filaments in stress
fibers to achieve this targeting process.21 Stehbens et al.
also observed that in migrating cells, dynamic microtu-
bules repeatedly target the mature focal adhesions
located in the rear end, leading to the disassembly of
the focal adhesions.22 The intricate interaction of micro-
tubules-focal adhesions-actin cytoskeleton could provide
another perspective in understanding the migratory
behavior of pathologic cells such as cancer and keloid
fibroblast.

This is the first study to demonstrate the spatial gener-
ation of filament of distinct elasticity in the same cell,
and providing a significant implication to it. Previous
studies on cell migration were limited to how the cyto-
skeleton are organized and how the cell establish the
polarity in order to migrate persistently, yet few have
explored the regional changes in mechanical properties
of the actin cytoskeleton. This study expands the

implications of biological measurements to facilitate our
understanding of cell migration, from normal to patho-
logic cells.
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