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Abstract
Epithelial ovarian cancer cells increase their capability of migration and invasion through the
epithelial-mesenchymal transition (EMT), resulting in cell seeding and metastasis in the peritoneal
cavity and onto adjacent organ surfaces. Cytoskeletal dynamics, such as those of the actin
filament, have been speculated to play a role in enhanced cell motility; however, direct evidence
has not been provided. Herein, we have directly measured pico- to nano-Newton-scale mechanical
forces generated by actin dynamics of ovarian cancer SKOV-3 cells upon binding of integrin α5β1
to fibronectin (FN), i.e. formation of a focal adhesion, using real-time atomic force microscopy
(AFM) in a force spectroscopy mode. The dendrimer surface chemistry through which FN was
immobilized on the AFM probe surfaces further enhanced the sensitivity of the force measurement
by 1.5 fold. Post-EMT SKOV-3 cells, induced by transforming growth factor (TGF-β), generated
larger focal adhesion mechanical forces (17 nN and 41 nN before and after EMT, respectively)
with faster migration than pre-EMT cells. Importantly, 22% of the forces transmitted through a
single FN-integrin α5β1 pair from post-EMT cells were recorded to be sufficient to rupture the
binding between FN and integrin α5β1 on the cells, which is not observed on pre-EMT cells. This
implies that post-EMT cells, by generating forces strong enough to break the FN-integrin binding,
migrate and metastasize beyond the ovary, whereas pre-EMT cancer cells are confined in the
ovary without such force generation. These results demonstrate quantitative and direct evidence on
the role of actin dynamics in the enhanced motility of post-EMT ovarian cancer cells, providing a
fundamental insight into the mechanism of ovarian cancer metastasis.
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I. Introduction
Ovarian cancer is the second most common gynecological malignancy and the leading cause
of cancer death among women in the United States.1, 2 The metastases from ovarian cancers,
especially those with epithelial origin, are the primary reason for the high disease mortality.3

Although not fully understood, self-seeding and metastases of cancer cells in the peritoneum
cavity and adjacent organs are known to be the primary reason for high mortality of
epithelial ovarian cancer.4, 5 Epithelial ovarian cancer cells are particularly noteworthy as
they are functionally flexible through the interconversion of epithelial and mesenchymal
phenotypes via epithelial mesenchymal transition (EMT) or mesenchymal epithelial
transition (MET).1 After EMT, it has been reported that adhesion, migration, invasion, and
metastasis of cancer cells are increased.1, 6-8 The enhanced motility of those cells is
reportedly initiated by the binding between integrin and extracellular matrix (ECM)
molecules (specifically, integrin α5β1 and fibronectin (FN)), which induces an interaction of
the actin cytoskeleton and intracellular molecules with focal adhesions.1, 6, 9-13 As a result,
focal adhesions generate actin cytoskeleton-mediated mechanical forces that enable cancer
cells to migrate and adhere to underlying substrates.14,15 However, the role of this
mechanical force is poorly understood, particularly in the context of cancer cell migration,
invasion, and metastasis.

In this study, we hypothesized that upon EMT, the actin-generated force towards the focal
adhesion would become strong enough to dissociate the binding between a cell and ECM,
making the ovarian cancer cell more motile and potentially invasive. To test the hypothesis,
we conducted both direct, real-time force measurements and cell-level assays. By employing
atomic force microscopy (AFM) with FN-immobilized probes, we directly measured pico-
to nano-Newton (pN-nN)-scale forces generated by actin filament dynamics of human
ovarian carcinoma SKOV3 cells upon binding to FN (i.e., focal adhesion formation).
Generation 7 (G7) poly(amidoamine) (PAMAM) dendrimers were also used to improve the
conjugation efficiency of FN molecules onto the AFM probe surfaces and to exploit the
strong multivalent binding,16 facilitating the association of actin filaments to focal
adhesions. The force measurement revealed that post-EMT SKOV3 cells, unlike pre-EMT
cells, generated forces sufficient to rupture the integrin-FN binding. Furthermore, wound-
healing/cell migration experiments revealed that post-EMT SKOV-3 cells exhibited
significantly enhanced motility compared to pre-EMT cells. The enhanced force generation
and motility were blocked by treatment with cytochalasin D (CD), an inhibitor of actin
polymerization and depolymerization, confirming that actin cytoskeleton dynamics were
responsible for both observations. Here we report that actin-generated mechanical forces at
the focal adhesions play a critical role in enhanced motility of ovarian cancer cells after
EMT, which provides an insight into the mechanisms of ovarian cancer metastases.

II. Experimental Section
Materials

Spherical silicon AFM probe cantilevers (diameter: 5 μm, resonance frequency: 15 kHz)
were purchased from Applied NanoStructures, Inc. (Santa Clara, CA, USA). Human
epithelial ovarian SKOV-3 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cell culture media - Gibco RPMI-1640, L-glutamine,
antibiotics, and fetal bovine serum (FBS) were all purchased from Invitrogen™ (Grand
Island, NY, USA). TGF-β and fibronectin were obtained from R&D Systems (Minneapolis,
MN, USA). Phalloidin-tetramethyl rhodamine isothiocyanate (phalloidin-TRITC) was
obtained from Molecular Probes, Inc. (Eugene, OR, USA). Sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) was obtained from Pierce
Biotechnology Inc. (Rockford, IL, USA). G7 PAMAM dendrimers, Cytochalacin D (CD),
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Triton™ X-100, albumin (from bovine serum, BSA), 3-mercaptopropyl trimethoxysilane,
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), and anhydrous ethanol were all purchased from Sigma (St.
Louis, MO, USA). All other chemicals were also purchased from Sigma-Aldrich unless
otherwise noted.

Functionalization of AFM cantilevers
Spherical silicon probe cantilevers were washed in absolute ethanol and treated with 3-
mercaptopropyl trimethoxysilane (4% v/v in absolute ethanol) for 1 h under N2, followed by
gentle rinsing with ethanol for 10 min. The cantilevers were further incubated in ddH2O
containing sulfo-SMCC (2 mM) for 1.5 h. For some cantilevers, sulfo-SMCC was used as a
linker for conjugation with G7 PAMAM dendrimers overnight (0.5 mg/mL, 90% surface
carboxylation according to our previous report16, 17), followed by incubation with EDC (100
μM) and NHS (100 μM) for 15 min to activate the surface carboxyl groups. Fibronectin
(FN, 1 mg/mL) was then incubated with both cantilevers with and without dendrimers for 2
h. After rinsing all the cantilevers with phosphate buffered saline (PBS), they were ready for
imaging. The schematic of AFM probe modification was presented in Figure S1 (Supporting
Information).

AFM force measurement and probe surface imaging
The photodiode sensitivity [nm/V] and spring constant [nN/nm] of AFM cantilevers were
measured before AFM spectroscopy and imaging, following published reports.18, 19 The
functionalized AFM probes prepared as described above were placed on the SKOV-3 cell
surfaces via an optical microscopy-aided AFM (Agilent 5500, Agilent technologies, Tempe,
AZ, USA). Before the real-time measurement of actin cytoskeleton dynamics, the feedback
loop was turned off to prevent it from offsetting the vertical deflection of cantilevered
probes. Signal deflection [V] recorded in real time was multiplied by the pre-measured
photodiode sensitivity [nm/V] and spring constant [nN/nm], which was ultimately converted
to real-time force dynamics [nN]. Each force measurement was made on the surface of
multiple cells and at different spots on the surface of the same cell. Multiple delta F’s were
found from one trace as defined as the force displacement between a trough to a peak (see
Figure 1), and all the delta F’s were collected from at least ten different cells (at least three
spots of each cell). All statistical analyses were conducted with one-way ANOVA at p <
0.05.

SKOV-3 cell morphology observations
Human epithelial ovarian cancer cells, SKOV-3, were maintained in Gibco RPMI-1640 with
L-glutamine supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin in a
humidified incubator at 37°C and 5% CO2. When cells were >90% confluent, the monolayer
was detached from the cell culture flask by trypsin/EDTA and counted using a
hemacytometer. For the cell morphology study, SKOV-3 cells were seeded in 8-well
chamber slides (Millicell EZ Slide, Millipore, Billerica, MA, USA) at a density of 5,000
cells/well and incubated in the media. The cells were allowed to attach and stabilize
overnight and rinsed twice with PBS. Fresh basal RPMI-1640 without FBS was used to
maintain the cells in the incubator for 24 h. SKOV-3 cells were treated with TGF-β at
different concentrations (10 and 20 ng/mL in fresh basal media) in duplicates for 24 h, as
EMT induced by TGF-beta was experimentally verified by others.7

The actin cytoskeleton of SKOV-3 cells was stained with phalloidin-TRITC according to
literature.1 Briefly, the cells were washed twice with PBS, followed by fixation using a 3.7%
formaldehyde solution in PBS for 10 min at room temperature. After being washed twice
with PBS, cells were permeabilized using 0.1% Triton™ X-100 in PBS for 5 min. To reduce
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non-specific background staining, cells were washed twice with PBS and incubated in 1%
BSA in PBS for 30 min at room temperature. Phalloidin-TRITC (5 units/mL in PBS) was
applied to each well and incubated for 30 min at room temperature. Cells were then washed
twice with PBS and air-dried. The slides were treated with antiphotobleaching mounting
media with DAPI (Vector Laboratory Inc., Burlingame, CA, USA) and covered with glass
coverslips.

The stained actin cytoskeleton of SKOV-3 cells was visualized using an inverted
microscope equipped with a fluorescence illuminator (IX 70-S1F2, Olympus America, Inc.,
Center Valley, PA, USA).16 Images were recorded using a 40× objective and a CCD camera
(QImaging Retiga 1300B, Olympus America, Inc., USA). SKOV-3 cell populations were
also visualized using a Zeiss LSM 510 confocal laser scanning microscope (CLSM, Carl
Zeiss, Germany).20 The 543 nm line of a 1 mW tunable argon laser was used for excitation
of TRITC, and a 25 mW diode UV 405 nm laser was used for excitation of DAPI. Emission
was filtered at 565–595 and 420 nm for TRITC and DAPI, respectively. The aspect ratios of
the phalloidin-TRITC stained cells were calculated using ImageJ software (NIH).21 At least
200 cells were measured in each treatment group. The fluorescence intensities from the cells
were measured using ImageJ (NIH) by comparing the relative brightness of pixels.

Cell migration assay
Cell migration assay was performed, following previous reports with adjustments.22, 23

Briefly, a confluent monolayer of SKOV-3 cells in 24-well plates was incubated with or
without 2 μg/mL of CD24 in basal medium for 1 h in a humidified incubator at 37 °C and
5% CO2. After removing CD and rinsing with pre-warmed PBS, cells were scratched with a
1 ml pipette tip and incubated in basal medium containing 20 ng/mL of TGF-β for 24 h.
Cells were visualized under the inverted microscope at 0, 24, and 48 h. Images were
recorded using a 4× objective and a CCD camera, and results were quantified by ImageJ
software.

III. Results
To measure mechanical forces generated from cells in real time, we set up a system as
illustrated in Figure 1a. The specific binding of FN and integrin α5β125, 26 through the FN-
immobilized AFM probe placed on the apical surface of an SKOV-3 cell induced the
formation of a focal adhesion between the cell surface and the probe contact area, as
described elsewhere.27, 28 The formation of focal adhesions on both apical and basal cell
surfaces was previously verified by others using the optical tweezers and the magnetic bead
twisting rheometry.28, 29 Once FN was recognized by integrin α5β1, the actin cytoskeleton
is known to physically connect to the FN-integrin α5β1 pairs and generate mechanical forces
to the focal adhesion.9 The mechanical forces generated as a result of actin-myosin
interactions and dynamic actin polymerization/depolymerization30-32 at the focal adhesion
deflected the cantilevered probe, and the position of a laser beam reflected on the cantilever
surface changed in situ on the photodetector surface. This was recorded as an electrical
signal in the unit of volts [V] and converted to nN-scale force using the photodiode
sensitivity [nm/V] and spring constant [nN/nm] of AFM cantilevers (Figure 1b).

The force measurement was performed using AFM force spectroscopy at close-to-
microsecond resolution. Although many platform technologies have been reported for
characterization of focal adhesion-generated forces,14, 15,27, 28, 33 it is rare to provide tens of
μ-second-scale, direct measurement of intracellular force evolution at focal adhesions. In
this experiment, FN-immobilized spherical probes were placed on the surface of pre- and
post-EMT SKOV-3 cells. As shown in Figure 2, nine different sets of force measurements
were performed to monitor the force generation from focal adhesions: 1 G7 dendrimer-FN
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probes on bare glass substrates as a control experiment to measure background noise signals
(ΔF = 2.6 ± 1.6 nN); 2 fetal bovine serum (FBS)-adsorbed probes on SKOV-3 cells before
the TGF-β-induced EMT as a control to measure non-specific bindings (ΔF = 3.0 ± 2.1 nN);
3 succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC)-FN probes on
pre-EMT cells (ΔF = 9.7 ± 2.4 nN); 4 G7 dendrimer-FN probes on pre-EMT cells (ΔF = 17.0
± 3.2 nN); 5 G7 dendrimer-FN probes on pre-EMT cells after incubation with 2 μM of CD
(ΔF = 2.1 ± 1.5 nN); 6 fetal bovine serum (FBS)-adsorbed probes on post-EMT cells (ΔF =
2.8 ± 1.5 nN); 7 SMCC-FN probes on post-EMT cells (ΔF = 31.4 ± 6.9 nN); 8 G7
dendrimer-FN probes on post-EMT cells (ΔF = 41.3 ± 16.7 nN); and 9 G7 dendrimer-FN
probes on post-EMT cells after 2 μM of CD (2.5 ± 1.7 nN). The differences in the AFM-
measured XFs among 1, 2, 5, 6, and 9 were not statistically significant (p >0.05). In general,
post-EMT SKOV-3 cells (7 and 8) generated greater forces than pre-EMT cells (3 and 4) in
a given area of focal adhesions. The magnitudes of the measured force (tens of nN) at focal
adhesions were also in good agreement with previously published data.14, 15, 28, 34 The
forces generated from both pre- and post-EMT SKOV-3 cells after incubation with CD (2-3
nN; 5 and 9) were similar to the level of background noise measured on the bare glass and
non-specific signals from the FBS-adsorbed probes (1, 2, and 6). These results confirmed
that the real-time force dynamics are mediated by actin cytoskeletal dynamics. It was also
noted that the force measurement sensitivity of G7 dendrimer-FN probes was increased by
1.5-fold compared to that of the SMCC-FN probes without dendrimers (see Figure S1 in the
Supporting Information for the surface modifications of the AFM cantilevers). The
increased force measurement using G7 dendrimers matches well with our previously
published papers where we reported that dendrimers mediate multiple binding pairs to occur
simultaneously in a highly localized area, achieving strong multivalent binding effect (up to
a million fold enhancement in binding constant).16, 35

Next, we calculated the force exerted and transmitted through a single FN-integrin α5β1 pair
using an AFM single molecule mapping technique that enables the mapping of the
molecular distribution of FN on the probe surfaces, as described earlier.19, 27 The nm-scale
FN molecules were mapped and visualized on the FN-conjugated probe surface, based on
which the number of FN-integrin α5β1 pairs on the probe surface was calculated. The
contact area between an FN-conjugated probe (5 μm in diameter), and the cell surface was
estimated to be 2.5 μm2.[19] The number of FN-integrin pairs was calculated to be 640 ± 46
pairs that participate in active binding events in the contact area (Figure S2, Supporting
Information). By dividing the nN-scale force measured at focal adhesions (Figure 2) by the
calculated number of FN-integrin α5β1 pairs within the probe-cell contact area, we
calculated the force generated through an individual FN-integrin pair of the complex. Note
that all forces transmitted by individual FN-integrin α5β1 pairs were assumed to be equal.
The loading rate [pN/sec] of actin cytoskeleton-mediated force was also calculated from
force displacement (ΔFi) divided by time duration (τi) (Figure 1 and 2). The loading rates
and cytoskeletal forces transmitted through a FN-integrin α5β1 pair are plotted in Figure 3.
Blue squares and connecting lines represent rupture forces of a single FN-integrin α5β1 pair,
based on the results published elsewhere.36 The rupture force is defined as the force required
to break the binding of molecular pairs (See Figure 1a: ΔF > 0, which is the pulling force
exerted by the actin cytoskeleton). At a given loading rate, a force larger than the rupture
force is sufficient to break the binding.37 All the forces generated by pre-EMT SKOV-3
cells were smaller than the rupture force (Figure 3), which means these forces were not
sufficient to break the binding of a FN-integrin α5β1 pair. In contrast, 22% of the forces
generated by post-EMT SKOV-3 cells were larger than the rupture force (Figure 3),
indicating that these forces are strong enough to break the binding of FN-integrin α5β1
pairs.37
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To support the AFM results, we performed cell-level experiments to investigate changes in
morphology and motility of SKOV-3 cells upon EMT. First, the actin cytoskeleton of
SKOV-3 cells was stained and observed using confocal and fluorescence microscopy before
and after EMT as shown in Figure 4. SKOV-3 cells before EMT were clustered in spherical,
compact phenotypes and with less prominent actin stress fibers (Figure 4a and d). In
contrast, upon treatment with TGF-β, SKOV-3 cells demonstrated mesenchymal stem cell-
characteristic elongated and dispersed phenotypes with prominent actin stress fibers (Figure
4b, c, e, and f), which is consistent with previous reports confirming the occurrence of EMT
in a comparable condition.7 In the migration experiment (Figure 4g), post-EMT SKOV-3
cells migrated at a significantly higher rate than pre-EMT SKOV-3 cells. In addition, both
pre- and post-EMT cells lost the stem cell-like phenotypic morphology and migration
capacity after incubation with CD, an inhibitor of actin polymerization. We also measured
the fluorescence intensity of polymerized actin filaments stained with Phalloidin-TRITC
using ImageJ. The post-EMT cells exhibited greater actin filament staining (polymerization)
compared to the pre-EMT cells. On average, the relative fluorescence intensity from the pre-
EMT cells was 3.8 ± 1.1 (calculated using Image J), whereas that from the post-EMT cells
was ranged from 6.1 ± 3.0 to 6.8 ± 1.7. This is consistent with our data obtained from the
measurement of cell aspect ratios (in Figure 4 caption), which clearly demonstrates the
morphological changes of the cells after TGF-β treatments. These results confirm that the
actin cytoskeleton plays a key role in enhanced migration and motility of ovarian cancer
cells after EMT.

IV. Discussion
In the AFM experiments, the number of FN that can be immobilized on the spherical AFM
probe surface dictated the number of FN-integrin α5β1 pairs in the focal adhesion.
Furthermore, both pre- and post-EMT cancer cells lost the mechanical force generation after
incubation with CD. These results suggest that the reason for post-EMT cells generating
larger scale forces than pre-EMT cells is probably due to the increased interaction with a
dynamic actin cytoskeleton that can engage with the FN-integrin pairs, rather than the
greater number of FN-integrin complexes themselves formed in the focal adhesion (Figure
5a). The fact that actin stress fibers become prominent in post-EMT cancer cells (Figure 4)
further supports that the actin cytoskeleton is directly related to the larger mechanical force
generation from post-EMT cancer cells. Interestingly, 22% of the actin-mediated forces
transmitted through a single FN-integrin α5β1 pair in post-EMT SKOV-3 cells were larger
than the rupture force, and yet 78% of the forces were not sufficient to rupture the pair
(Figure 3). This provides an important clue in cancer cell migration and metastases, that is,
post-EMT SKOV-3 cells maintain and stabilize the contact with the basal membranes by
generating smaller forces (78%), and yet simultaneously migrate, crawl, and advance via
larger forces (22%) that break the FN-integrin α5β1 binding. This could be explained using
the analogy of a cliff climber. A climber stabilizes the body posture by holding a stone or a
handle on the cliff with force that is not sufficient to break the hand-stone/handle complex.
If the climber is strong or heavy enough to exert a large amount of force, the hand-stone/
handle complex will be broken and he/she will not maintain the hand-stone/handle contact.
This can be one of the reasons why post-EMT cancer cells, by generating greater force
(22%) with which to break the integrin-FN binding, are mobile and metastatic, while
maintaining their adhesion to the basal membranes (78% of the forces). By way of contrast,
all forces from pre-EMT SKOV-3 cells are not sufficient to rupture the FN-integrin α5β1
pair (Figure 3), preventing them from being motile. This implies that pre-EMT SKOV-3
cells stabilize and fortify the adhesion on the basal membranes and cluster with other cancer
cells (Figure 4) with little to no invasion potential, which is similar to the climber
maintaining his/her posture on the cliff with an adequate amount of force that is not
sufficient to break the hand-stone/handle complex.
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Another interesting finding from our study is the enhanced immobilization of FN on the
AFM probes through G7 PAMAM dendrimers. The force measured in focal adhesions using
G7-FN probes was 1.5-fold greater than that using the SMCC-FN probes as mentioned
above. In addition to the multivalent binding effect mediated by dendrimers,16, 35 the reason
for this can be inferred from the smaller RMS roughness of the G7-conjugated surfaces than
that of other probe surfaces as shown in AFM images (Figure S3, Supporting Information).
This measurement of RMS roughness confirms that G7 PAMAM dendrimers increase the
conjugation efficiency by rendering the probe surfaces to be more uniformly conjugated
with FN molecules. Thus, it implies that a larger number of the FN-integrin pairs were
created in a given area of the focal adhesion in the case of the dendrimer-coated probe
surfaces, increasing the sensitivity of the force measurement (Figure 5b). As mentioned
above, we have published that sensitivity of cancer cell capture was increased by up to 7-
fold using G7 PAMAM dendrimer-coated surfaces, most likely due to the dendrimers that
allow for highly localized multiple binding pairs to simultaneously occur.16 Given that
cancer cell capturing is also mediated by the ligand-receptor interaction, the enhanced force
measurement with the dendrimer-coated probes by 1.5-fold in this study is likely due to the
combined effect of the multivalent binding and enhanced conjugation efficiency.

V. Summary
Taken together, our AFM measurements summarized in Figure 2 and 3 indicate that ovarian
cancer SKOV-3 cells exert strong mechanical forces after EMT, as a result of enhanced
actin cytoskeletal dynamics. The role of the actin dynamics is confirmed by the in vitro
assays shown in Figure 4 where enhanced motility of the cells upon EMT was prohibited by
CD treatment. Our results provide the experimental support, both in the molecular and cell
level, that the actin filament dynamics plays a key role in increased motility of ovarian
cancer cells upon EMT, which provides an explanation of one of the mechanisms of ovarian
cancer metastases. Furthermore, the EMT and MET are not limited to epithelial ovarian
cancer but also are observed in breast, colon, and esophageal cancers.6 Therefore, the real-
time force measurement studied herein could provide an effective platform tool for
investigation of other cancers, particularly to elucidate the role of actin cytoskeleton
dynamics in enhancement of the motile phenotype and could also be a tool to help evaluate
the therapeutic potential of newly developed chemotherapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of AFM measurement of force dynamics. (a) An FN-conjugated spherical probe
(diameter = 5 μm) is localized on the SKOV-3 cell surface using an optical microscope-
aided AFM. The physical contact of FN on the probe with the cell surface triggers the
formation of a focal adhesion via the binding between FN and integrin α5β1 on the cell
surface. This setup enables the real-time measurement of nano-scale forces generated
through the physical connection of the actin cytoskeleton, integrin, and FN. (b) Deflection
created by cellular force dynamics is recorded in real time using AFM force spectroscopy
using the setup shown in (a) and analyzed in terms of force displacement (ΔFi) and time
duration (τi). ΔFi is defined as the force displacement between a trough to a peak, and τi is
time period during which ΔFi is displaced as shown in (b).
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Figure 2.
Real-time force dynamics on SKOV-3 cell surfaces. (a) Cellular dynamics measured on
SKOV-3 cells before TGF-β-induced EMT using the setup shown in Figure 1. (b) Cellular
dynamics after TGF-β-induced EMT. Gray curves in (a) and (b) represent force signals with
G7-FN probes on glass substrates; Green curves, with FBS-adsorbed probes on cells before
and after EMT; Red curves, with SMCC-FN probes on cells before and after EMT; Blue
curves, with G7-FN probes on cells before and after EMT; Purple curves, with G7-FN
probes on cells after incubation with 2 μM of cytochalasin D before and after EMT.
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Figure 3.
Force transmitted through a single FN-integrin α5β1 pair and rupture force of FN-integrin
α5β1 binding. Blue squares and connecting lines are rupture forces of a FN-integrin α5β1
pair at various loading rates (published data by Feiya Li 200336); Green rhombi and pink
circles represent cytoskeletal force transmitted through a single FN-integrin α5β1 pair
measured using FN-conjugated probes before and after EMT, respectively. Note that 22% of
cytoskeletal forces transmitted through a single FN-integrin α5β1 pair (pink circles) are
larger than rupture forces (blue squares and connecting lines).

Lee et al. Page 12

J Phys Chem B. Author manuscript; available in PMC 2014 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Morphological changes and migration assay of SKOV-3 cells upon EMT induced by TGF-β.
Untreated SKOV-3 cells (a, d) and after treatment with 10 ng/mL (b, e) and 20 ng/mL (c, f)
of TGF-β for 24 h (40× magnification for (a-c) and 25× magnification for (d-f), scale bars:
50 μm). The red fluorescence is from the actin cytoskeleton stained with phalloidin-TRITC
and the blue fluorescence is from cell nuclei stained by DAPI. TGF-β-treated SKOV-3 cells
demonstrate the elongated and dispersed morphology characteristic of the post-EMT cells
(b, c, e, and f), compared to pre-EMT SKOV-3 cells that form dense colonies (a, d).1 Cell
aspect ratios were quantified using ImageJ software. At least 200 cells were measured in
each treatment group. The average aspect ratios expressed as mean ± standard error were
1.44 ± 0.04 (a, d); 3.38 ± 0.15 in (b, e); and 4.19 ± 0.21 in (c, f. g). Nearly confluent
SKOV-3 cells scratched with a pipette tip and wound-healing rates were observed after 24 h
with and without 20 ng/mL of TGF-β and 4 μM of CD. Scale bars: 200 μm. The wound
areas of treated and control groups were quantified using ImageJ software and expressed as
mean ± standard deviation (n=4). The wound area relative to original wound area was 0.79 ±
0.14 in pre-EMT cells; 0.50 ± 0.04 in post-EMT cells; 0.98 ± 0.05 in pre-EMT cells with
CD; and 0.91 ± 0.05 in post-EMT cells with both TBF-β and CD.
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Figure 5.
Schematic of focal adhesion formation and force transmission by FN-integrin α5β1 pairs.
The direct contact of fibronectin-conjugated AFM probes on the surface of ovarian cancer
cells triggers the formation of focal adhesions, in which FN-integrin pairs are clustered and
the actin cytoskeleton is physically associated. This physical connection of the actin
cytoskeleton, integrin α5β1, FN, and the probe enabled a direct transmission of actin-
mediated force to the probe and the measurement of real-time force dynamics. The actin-
myosin II interaction or actin polymerization/depolymerization dynamics generate
mechanical forces, which are recorded as real-time deflection (Figure 1 and 2). (a) In both
pre- and post-EMT SKOV-3 cells, the numbers of the FN-integrin pairs in the focal
adhesion are estimated to be the same because the number of FN immobilized on the
spherical AFM probe surface confine the number of FN-integrin pairs in the focal adhesion;
therefore, the larger magnitude of forces measured on post-EMT cells indicate that larger
quantities of the actin cytoskeleton are conjugated to the focal adhesion on the post-EMT
cells than those on pre-EMT cells. G7 dendrimers, represented as blue dots on the surface of
the sphere shown in (b), enhance the molecular conjugation efficiency of FN and the
sensitivity of the force measurement: this increase in the conjugation efficiency of FN and
the sensitivity of the force measurement is attributed to an increased number of clustered
FN-integrin α5β1 pairs in focal adhesions as discussed. Red-yellow complexes represent
integrin α5β1 dimers; green objects on the surface of spheres, FN molecules; gray fibers in
the cytoplasmic space, actin cytoskeletal filaments; green objects between actin cytoskeletal
fibers, myosin II that generates mechanical forces via the interaction with the actin
cytoskeleton.
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