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Abstract
Cancer progression is associated with an increased deformability of cancer cells and reduced
resistance to mechanical forces, enabling motility and invasion. This is important for metastases
survival and outgrowth and as such could be a target for chemopreventive strategies. In this study,
we determined the differential effects of exogenous sphingolipid metabolites on the elastic
modulus of mouse ovarian surface epithelial cells as they transition to cancer. Treatment with
ceramide or sphingosine-1-phosphate in non-toxic concentrations decreased the average elastic
modulus by 21% (p ≤ 0.001) in transitional and 15% (p ≤ 0.02) in aggressive stages while exerting
no appreciable effect on non-malignant cells. In contrast, sphingosine treatment on average
increased the elastic modulus by 33% (p ≤ 0.0002) in aggressive cells while not affecting
precursor cells. These results indicate that tumor-supporting sphingolipid metabolites act by
making cells softer, while the anti-cancer metabolite sphingosine partially reverses the decreased
elasticity associated with cancer progression. Thus, sphingosine may be a valid alternative to
conventional chemotherapeutics in ovarian cancer prevention or treatment.

Introduction
During the progression of cancer, cells undergo numerous genetic and epigenetic changes
that impact critical functions such as growth, motility, metabolism, communication, and
others.1 In addition, alterations of the cells' mechanical phenotype, including changes in cell
structure, morphology, and responses to mechanical stimuli, have been reported to
accompany cancer progression.2 These result in an increased deformability of malignant
cells and an enhanced migration capability–both effects are directly correlated with
increased malignancy and metastasis.3 Therefore, the structural and mechanical properties of
cells could be exploited for effective characterization of cancer cells. Several experimental
techniques including micropipette aspiration,4 optical tweezers,5 optical stretching
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rheometry,6 microplate stretching,7 magnetic twisting,8 and most notably atomic force
microscopy9 (AFM) have already been utilized to quantify cell deformation characteristics
and to correlate them with cancer progression. AFM is a well-established tool for
mechanical characterization of biological cells under physiological conditions at a single cell
level. This microscopy technique has been used to confirm the differences in cellular
stiffness of benign and malignant bladder,10 prostate,11 lung,12 blood,13 and breast14

epithelial cells. AFM has also been used to evaluate the effect of anti-cancer drugs providing
insights into the sensitivity and efficiency of chemotherapies via biomechanical profiling of
cells in response to treatment.15 In this regard, it has been reported that upon short-term
treatment with anti-cancer drug doxorubicin, both elastic modulus and adhesion force of
human lung adenocarcinoma cells, measured quantitatively by AFM, were found to be
increased while those of non-transformed human epithelial cells were decreased.16

Moreover, results of two separate studies revealed that EGCG, a known potential anti-cancer
polyphenol in green tea 17 can cause a significant increase in stiffness of metastatic tumor
mesothelial18 and melanoma19 cells. In another study via AFM, dexamethasone or
daunorubicin chemotherapy increased leukemia cells' stiffness.20 Recently, Sharma et al.
have also found that the softening trend of ovarian cancer cells in the process of malignancy
was reversed after cisplatin treatment.21 The dose-dependent rate of stiffening was affected
by the remodeling of the F-actin polymerization.21 These studies suggest that cell stiffness
measured by AFM can be used as a potential biomarker to predict the progression of cancer,
its metastatic potential, and its response to drug treatment. In our previous studies,22 we
have employed AFM to determine changes in the mechanical responses during ovarian
cancer progression. For these studies, we utilized our mouse ovarian surface epithelial
(MOSE) cell system, a syngeneic model for progressive ovarian cancer that represents early/
benign, intermediate/transitional, and late/malignant stages of ovarian cancer.23 As MOSE
cells progress, they exhibit alterations in their phenotype: they become smaller and their
cytoskeleton becomes increasingly disorganized, with significant losses in filamentous
actin.24 This is associated with increasing softness and decreased viscosity22a, determined
by the actin cytoskeleton organization.22b Since the cytoskeleton determines not only the
shape and structural integrity of cells but connects the extracellular physical, physiological
and biochemical environment and the cell surface to intracellular signaling pathways and
gene transcription,25 it plays a distinct role in the regulation of cell growth, motility,
senescence, and apoptosis.25a, 26

The bioactive sphingolipid metabolites ceramide (Cer), sphingosine (So), and
sphingosine-1-phosphate (S1P) play significant roles in the cells' response to intra- and
extracellular stimuli; as lipid second messengers, they regulate cell growth, death, motility,
and many more cellular functions and processes.27 So and Cer are generally pro-apoptotic
and anti-proliferative27a and have been shown to inhibit growth and induce apoptosis in
cancer cells.28 However, Cer also increases inflammation and therefore exerts a pro-
tumorigenic effect.29 In contrast, S1P often induces cell growth, survival, motility,
angiogenesis and thereby can support tumor development.30 These second messengers are
rapidly inter-convertible and the sphingolipid profile generated in a cell will determine how
the cells respond to the stimulus. Hence, the effect is typically context dependent and
impacted by the cells origin, its function, and environment (among other variables). We
have previously shown that complex sphingolipids administered orally suppress colon28, 31

and breast cancer progression.32 The regulation of cell growth rather than overt toxicity
towards transformed cells seems to be one of the underlying mechanisms of tumor
suppression by sphingolipids.31a, 31b Sphingolipid metabolites also differentially modulate
the cellular architecture and the cytoskeleton organization in various cell lines.33 However,
the impact of sphingolipid treatment on the biomechanical properties of ovarian cancer cells
representing different stages of aggressiveness is not known. Here we determined if these
bioactive metabolites can reverse the aberrant biomechanical properties and responses of
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aggressive cancer cells, shifting them towards their benign precursor counterparts. Our
results demonstrate that the biomechanics of aggressive cancer cells are modulated by
sphingolipids and that exogenous So treatment may offer the means to deter tumor growth
and metastasis by reversing aberrant biomechanical properties.

Experimental methodology
Cell Culture and Sample Preparation

The MOSE cell lines were generated from mouse ovarian surface epithelium as described.23

The cells are categorized into early (passage no. 15-25) (MOSE-E), intermediate (passage
no. 75-80) (MOSE-I), and late stage (passage no. 155-171) (MOSE-L) based on their
phenotype. During progression, changes in the genotype include genes encoding
cytoskeleton proteins and their regulators.24 The cells were routinely grown in High Glucose
Dulbecco's Modified Eagle's Medium (Sigma Aldrich), containing 4% fetal bovine serum
(Atlanta Biological), 3.7 g/L of sodium bicarbonate, and 1% penicillin/streptomycin (Sigma
Aldrich). To mimic the exposure to sphingolipid metabolites over time in a prevention
regimen, the cells were grown in non-toxic concentrations of So (1.5 μM) (Avanti Polar
Lipids) for at least three passages. To investigate the impact of potentially pro-tumorigenic
metabolites, cells were also treated with Cer (2 μM), and S1P (500 nM). For AFM
determinations, the cells were seeded at 1×105 cells per 12 mm2 glass coverslips coated with
0.1 mg/mL collagen type IV (Sigma) for 24-30 hrs prior to the AFM experiments to allow
the cells to attach. The measurements were carried out on single cells in their respective
culture medium at room temperature. A buffered HEPES solution was added to the coverslip
samples (final concentration of 13.5 mM) to maintain a physiological pH of 7.2 during about
2-3 hrs test sessions.

Atomic Force Microscopy
Measurements were performed via a Multimode V SPM atomic force microscope (Veeco
Instruments, Santa Barbara, CA) in integration with an inverted optical microscope. Soft V-
shaped SiNi cantilevers, TR400PSA (Olympus, Tokyo, Japan), with an approximate length
of 200 μm and a nominal spring constant of 0.02 N/m were used for the indentation of
adherent cells (Fig. 1). The practical spring constant of the cantilevers was experimentally
measured using thermal noise fluctuation. A glass microsphere bead (Duke Scientific, Palo
Alto, CA) with an approximate diameter of 10 μm was attached to the sharp cantilever tip
using a two-part epoxy (Miller Stephenson, Sylmar, CA) to increase the total surface contact
area and as a consequence reduce the indentation stress on the soft biological samples and
remove any nonlinearity in deformation. The exact size and the location of the attached glass
bead on the cantilever were identified via a HIROX KH-7700 3D Digital Video Microscope.
Since the elastic modulus of cells depends on the indentation location and speed,34 the
indentations were performed at the cells' nuclei region and at an approach velocity of ∼0.5
μm/s. Cantilever deflection vs. piezo displacement data were acquired at a sample rate of 5
kHz. To keep the validation of applying the Hertz model to the data, the indentation depth
was kept up to 30% of total sample height by limiting the maximum indentation force to a
trigger of 1.5±0.3 nN.35

Data Analysis
AFM is a powerful tool, capable of obtaining cantilever force vs. piezo displacement via
indentations at the nanoscale (Fig. 2). The cantilever deflection is sensed using an optical
method in AFM. For a negligible cantilever deflection in comparison to the cantilever
length, the cantilever force-F is linearly proportional to the cantilever deflection-d by the
spring constant of the cantilever-k. The force curve should be converted to the force vs. tip-
sample separation distance curve in order to estimate the sample's elastic modulus. The tip-
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sample separation distance-D is described as the difference of the piezo position-z and the
cantilever deflection-d. Elastic modulus of the sample can be calculated by fitting a proper
contact model theory to the (F, D) curve. Several continuum contact mechanics models such
as DMT, JKR, and Hertz models have been developed to describe the micro-scale
deformations. The Sneddon's extended version of the Hertz model is a simple and applicable
theory for soft materials like biological cells which is used here.36 The model correlates the
applied force-F and the induced indentation depth-δ in interaction between a spherical object
and a sample as follow:

(1)

where R is the radius of the spherical glass bead attached on the cantilever and E* is relative
elastic modulus of contact surfaces. For the infinitely hard tip Etip ≫ Ecell, the relative

elastic modulus is , where Ecell is elastic modulus and ν is Poisson's
ratio of the cell. Cells' Poisson's ratio is assumed to be 0.5 for incompressible biological
cells.37 The indentation depth is described as the difference in the relative movement of the
piezo scanner-z and the cantilever deflection-d as the following:

(2)

where z0 and d0 are the piezo scanner position and the cantilever deflection at the initial
contact point of the probe with the cell. It is easier to find the elastic modulus and the initial
contact point using a linear version of the Hertz's model eqn (1) in respect to the
deformation-δ 38 as the following form:

(3)

All the data analysis was implemented via MATLAB 2010a software.

Results
The AFM experiments were conducted on both control and sphingolipid-treated MOSE cells
to obtain cantilever force vs. piezoelectric displacement via indentation as schematically
shown in Fig. 2. The Hertz model fitted well to the acquired experimental data from 40-70
single cells randomly selected from each cell line/drug treated population with a high
correlation coefficient (0.85 ≤ R2 ≤ 0.99) to obtain their elastic modulus. To minimize the
effects of external and random variances in the experimental results as well as validate
reproducibility of them, at least three separate AFM tests were conducted for each cell
population. Within the same cell population, there was not more than 5% variation between
the measured average elastic moduli of two AFM tests.

The population histograms generated by combining all measured elastic modulus responses
from control and So, Cer, and S1P treated MOSE cells representing late, intermediate, and
early stages of cancer progression are depicted in Fig. 2. The average ± standard deviation,
and the peak (mode) values (correspond to peak points of Gaussian curves fitted to the
elastic moduli distributions) of the measured elastic moduli are also summarized in Fig. 3.
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Moreover, the combination of all measured elastic modulus responses for each population
are shown in Fig. 4 and compared within each stage of cancer along with the statistical
significance of changes (p-value) in comparison to the controls. Two sample independent t-
tests were used to analyze the statistical significances of the changes in the elastic modulus.

The AFM measurements from early, intermediate, and late stage of untreated MOSE cells
show that the average elastic modulus decreased as the cells progressed from a benign to a
late, malignant stage, confirming our previous results.22a Treatment of MOSE cells with
non-toxic concentrations of Cer and S1P showed comparable decreases in the average and
the mode elastic modulus values in all three stages compared to their respective control
cells.

The average elastic modulus decreased by 13% (p ≈ 0.1) in MOSE-E, 21% (p ≈ 0.001) in
MOSE-I, and 15% (p ≈ 0.02) in MOSE-L cells for both Cer and S1P treatment. On the
other hand, So treatment resulted in a significant increase in the average and the mode
elastic modulus values of the aggressive MOSE-L cells by 33% and 30% (p ≈ 0.0002),
respectively.

MOSE-I cells did not appreciably respond to the So treatment (p ≈ 0.4) while MOSE-E
showed a slight decrease in the average elasticity after So treatment, indicating the cells
became softer; however, this was not statistically significant (p ≈ 0.2).

Together, the results indicate that So treatment can at least partially reverse the decreasing
elasticity of aggressive MOSE cells while both Cer and S1P treatment make the cells even
softer. Neither treatment significantly impacted the non-malignant MOSE-E cells,
suggesting that the treatment with exogenous sphingolipids may not increase the
tumorigenic or metastatic properties of non-transformed cells.

Notably, the distributions of the untreated MOSE cells' elastic moduli reshape from a wide
distribution for benign/early cells to a sharp concentration for malignant/late cells (Fig. 3A,
3A′, and 3A″). This confirms our previous observations that benign MOSE-E cells are
heterogeneous in their biomechanical phenotype but become more homogenous during
progression.22a

Cer and S1P do not impact the histogram of MOSE-E cells (Fig. 3B and 3C) while they
have the same effect on the histograms of MOSE-I, slightly shifting them toward lower
stiffness and making the curve slightly sharper (Fig. 3B′ and 3C′). So treatment of MOSE-E
or MOSE-I cells also did not affect the distribution of the elastic modulus responses (Fig.
3D and 3D′). This further delineates the lack of impact of the treatments on non-malignant
MOSE-E cells. On the other hand, histograms of Cer and S1P treated MOSE-L cells (Fig.
3B″ and 3C″) show a shift toward lower stiffness and a more homogeneous population as
indicated by the sharp curves in control MOSE-L. In contrast, So treatment effectively
impacted the histogram of MOSE-L cells and notably shifted more cells towards the stiffer
values, resulting in a broader distribution curve (Fig. 3D″). However, not all cells responded
to the treatment with increased stiffness. The effects of the treatments on the histograms of
MOSE-E, MOSE-I, and MOSE-L are depicted and compared in Fig. 3E, 3E′, and 3E″,
respectively.

Discussion and Conclusions
In this study, the AFM cell indentation was used as a technique for drug efficacy studies and
development. Our findings indicate that non-toxic concentrations of So, a potential tumor
suppressing sphingolipid metabolite, can induce aggressive ovarian cancer cells to
mechanically behave more like benign cells by rendering them stiffer. Based on our
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previous studies, the changes in a cells' elastic modulus response is likely due to the
remodeling of the actin cytoskeleton. MOSE-E cells exhibit a well-organized actin
cytoskeleton and higher f-actin concentrations while MOSE-L cells exhibit thin and
disorganized stress fibers.23-24 The disruption of the intact actin cytoskeleton in MOSE-E or
stabilization in MOSE-L significantly reversed the cells' elastic modulus,22b highlighting the
importance of the actin cytoskeleton for the biomechanical responses. However, treatment
with So improved the actin organization and increased the f-actin levels which was
associated with a decrease in invasive capacity;39 this correlates well with the increase in
elastic modulus determined in this study. Conversely, the sphingolipid metabolites
associated with supporting cancer growth (S1P) and tumor-promoting inflammation (Cer)
decreased the elastic modulus of MOSE cells and made the cells softer; neither Cer nor S1P
induced actin stress fiber formation in MOSE-L cells.39 This is in contrast to the effect in
endothelial cells where S1P increases barrier function and peripheral stress fiber
organization.40 The latter may be dependent upon the differentiation and activation status of
cells; MOSE-L cells represent a poorly differentiated cell that has clearly undergone an
epithelial-to-mesenchymal transition (EMT) phase.23 Alternatively, responsiveness to S1P
may be receptor specific; endothelial cells are known to express predominately S1PR1 and
S1PR3. The S1P receptor profile of our MOSE cell lines has not been determined, but they
may lack specific S1PR expression or other critical downstream effectors.

Overall, softening and increasing deformability are associated with enhanced capability for
metastasis and tissue invasion.3 Importantly, So treatment of benign MOSE cells did not
alter the biomechanical properties of the cells. Future in vivo studies will shed light on
whether treatments with Cer and S1P lead to an increased transformation and progression of
benign and less aggressive ovarian cancer cells. This is especially important since the
increased S1P levels in ascites fluid may promote not only the survival of the exfoliated
cancer cells and increase adhesion and tumor outgrowth but also could impact the benign
ovarian surface epithelial cells.

In summary, extended treatment with non-toxic concentrations of exogenous So partially
reversed the aberrant biomechanical properties of aggressive ovarian cancer cells. This is
comparable to treatment with conventional chemotherapeutics such as cisplatin but without
their deleterious side effects. Thus, future studies will explore if the administration of So can
suppress ovarian cancer progression and metastasis and if the biomechanical signature can
be used as measure for treatment efficacy.
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Fig. 1.
Actual screenshot of a V-shaped cantilever during indentation of randomly selected adherent
single cells.
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Fig. 2.
Schematic illustration of experiment setup. The monitor is showing force curves obtained
via AFM indentations. Although the aggressive MOSE-L cell has lower slope reading
compared to the healthier MOSE-E cell, its slope and consequently stiffness increases
significantly after treatment with So.
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Fig. 3.
Histograms of MOSE-Late, MOSE-Intermediate, and MOSE-Early cells in control and Cer,
S1P, and So treated conditions depict the changes in distribution of measured elastic
modulus after treatments.
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Fig. 4.
Depiction of changes in elastic modulus of early, intermediate, and late stage of MOSE cell
lines as effects of treatment with So, Cer, and S1P in comparison to control counterparts.
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