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ABSTRACT Ovarian cancer is routinely diagnosed long after the disease has metastasized
through the fibrous submesothelium. Despite extensive research in the field linking ovarian
cancer progression to increasingly poor prognosis, there are currently no validated cellular
markers or hallmarks of ovarian cancer that can predict metastatic potential. To discern dis-
ease progression across a syngeneic mouse ovarian cancer progression model, here we fab-
ricated extracellular matrix mimicking suspended fiber networks: cross-hatches of mismatch
diameters for studying protrusion dynamics, aligned same diameter networks of varying in-
terfiber spacing for studying migration, and aligned nanonets for measuring cell forces. We
found that migration correlated with disease while a force-disease biphasic relationship ex-
hibited F-actin stress fiber network dependence. However, unique to suspended fibers, coil-
ing occurring at the tips of protrusions and not the length or breadth of protrusions displayed
the strongest correlation with metastatic potential. To confirm that our findings were more
broadly applicable beyond the mouse model, we repeated our studies in human ovarian can-
cer cell lines and found that the biophysical trends were consistent with our mouse model
results. Altogether, we report complementary high throughput and high content biophysical
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metrics capable of identifying ovarian cancer metastatic potential on a timescale of hours.
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INTRODUCTION

Ovarian cancer is the fifth leading cause of cancer-related deaths in
women. It presents the highest mortality rate of any other gyneco-
logical cancer, with ~54% of patients dying from the initial or recur-
rent diagnosis (Ozga et al., 2013; Novak et al., 2018). Due to the lack
of early detection capabilities, only ~30% of patients are diagnosed
when the cancer is limited to the ovaries (Stage I), presenting the
highest chance of cure (Dinkelspiel et al., 2015; Torre et al., 2018).
The chances of survival decline dramatically with ovarian cancer pro-
gression, including metastasis to the pelvic organs (Stage lI), the
peritoneal organs (Stage ll), or beyond the peritoneal cavity (Stage
IV) (Cannistra, 2004; Bast et al., 2009). Despite recent developments
in early-stage screening and diagnostic technologies for other types
of cancer, the diagnostic tools for ovarian cancer remain primarily
limited to biannual pelvic examinations, transvaginal ultrasounds, or
cancer antigen (CA) 125 blood tests (Goff et al., 2000; Rustin, 2002;
Jelovac and Armstrong, 2011; Doubeni et al., 2016; Rojas et al.,
2016). Furthermore, the diagnostic tools of ovarian cancer may not
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be able to detect early stages of the disease, distinguish between
disease stages and metastatic potential, or are not routinely per-
formed. Genetic profiling of biopsies, circulating tumor cells, or
bodily fluids are used to screen for specific mutations or secreted
proteins; however, the genetic or protein markers are often only ap-
plicable to a subset of patients due to the inherent heterogeneity of
tumors (Phillips-Chavez et al., 2020) or do not include epigenetic
changes, miRNA, circular RNA, exosomes, or stimuli from other cells
in the tumor microenvironment that all can contribute to disease
progression (Tran et al., 2020). Thus there exists a currently unmet
critical need for the development of diagnostic tools that can deter-
mine the disease stage in a timely and reliable manner and conse-
quently improve the likelihood of patient recovery.

The metastatic cascade in ovarian cancer progression begins
with the exfoliation of the cancer cells from the primary site, such as
the ovary or the fallopian tubes (Kenny et al., 2014). Subsequently,
the cancer cells are circulated in the peritoneal cavity by the perito-
neal serous fluid or ascites flow and adhere to secondary sites such
as the omentum and other peritoneal organs, including the liver,
diaphragm, and intestines that are lined with a protective layer of
mesothelial cells (Lengyel, 2010; Novak et al., 2018; El Aziz et al.,
2019). The adherent ovarian cancer cells then begin invading
through the mesothelial cell monolayers into the submesothelial
connective tissue stroma, which is a fibrous network predominantly
composed of collagen fibers (Wilkosz et al., 2005). Invasion of the
ovarian cancer cells through the mesothelial monolayer occurs by
either pushing the mesothelial cells aside by exerting physical forces
(Niedbala et al., 1985; lwanicki et al., 2011), by cleaving the meso-
thelial monolayer via matrix metalloproteinases (Huang, 2002;
Satpathy et al., 2009), or by apoptosis (Heath et al., 2004), thus cre-
ating a pathway to the underlying fibrous extracellular matrix (ECM).

Cell invasion is a highly orchestrated sequence of events that is
initiated with the extension of protrusions from the main cell body
first to sense the surrounding fibrous environment and establish po-
larity (Friedl and Wolf, 2003). Subsequently, cells can form integrin-
mediated stable focal adhesions necessary to generate actomyosin
contractility-based forces (Munevar et al., 2001; Kraning-Rush et al.,
2012) and invade through the submesothelial ECM (Beningo et al.,
2001; Plotnikov et al., 2012; Reig et al., 2014). Not surprisingly, a
combination of in vitro and in vivo studies have thus explored the
potential of characterizing protrusion dynamics, migration, and
force transmission by cancer cells as alternative biophysical indica-
tors of their metastatic potential complementary to genetic modi-
fications (Condeelis and Segall, 2003; Zijlstra et al., 2008; Indra
etal., 2011; Carey et al., 2012; Gligorijevic et al., 2012; Leong et al.,
2014; Stoletov et al., 2018). Biophysical metrics have been used to
characterize a variety of cells including breast cancer (Carlsen et al.,
2015), liver cancer (Pepin et al., 2015), brain cancer (Pepin et al.,
2015), chondrosarcoma (Darling et al., 2007), and fibroblasts (Phillip
et al., 2017) using a range of technologies that include magnetic
resonance elastography, ultrasound elastography, cell-based sen-
sors, atomic force microscopy, optical tweezers, and microfluidic
platforms (Yadav et al., 2019; Yankaskas et al., 2019). However, most
of the in vitro measurements are performed on flat, 2D surfaces that
only partially recapitulate the complex, fibrous architecture of the
submesothelial ECM. Three-dimensional gels are more analogous
to the in vivo environments, but their inherent spatial heterogeneity
can hinder the quantitation of biophysical metrics as metastatic indi-
cators in a repeatable manner.

The highly aggressive serous ovarian cancer is now thought to
originate in the fallopian tubes (Eckert et al., 2016). Differences in
gene expression between ovarian and fallopian tube cancer, in
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addition to interindividual differences in gene expression, the het-
erogeneity of ovarian cancer histology, and its tissue of origin, add
to the difficult task of identifying early stages of ovarian cancer
(Merritt et al., 2013). Thus while recent studies have characterized
changes in genetic expression between 25 different ovarian cancer
cell lines (Ince et al., 2015) and cell-stroma interaction across a
range of ovarian cancer cell lines of varying metastatic characteris-
tics from benign to highly metastatic, these cell lines still typically
originate from different patient samples (Alkmin et al., 2020).

In this study, we used the nonelectrospinning, spinneret-based
tunable engineered parameters (STEP; Sharma et al., 2013; Nain
and Wang, 2013; Wang and Nain, 2014) platform to construct con-
trolled and suspended nanofiber networks that mimic fibrous fea-
tures of the submesothelial ECM (Dobbie et al., 1981; Thomas,
1987). We utilized multiple fibrous architectures to inquire if protru-
sions, migration, and forces can be used as markers of metastatic
potential in our previously reported syngeneic mouse ovarian sur-
face epithelial (MOSE) cell model (Roberts et al., 2005; Cohen et al.,
2013, 2016) which allows us to eliminate both the interindividual and
the histological differences that are inherently associated with using
cells from different patient samples or origin sites, respectively. The
MOSE model is representative of the disease progression from early
to late stages of human serous ovarian cancer and comprises of the
benign MOSE-E, the tumorigenic, slow-developing disease MOSE-L
(lethal disease achieved in ~100 d after injection of 1 x 10° cells) and
the tumorigenic, fast-developing disease representing MOSE-Lyic,
cell lines (lethal disease achieved in 23 d after injection of 1 x 10*
cells). Furthermore, since the MOSE lines express fallopian tube
markers they likely represent serous ovarian cancer that can origi-
nate from the fallopian tubes and thus we used the human syngeneic
benign (FNE) and malignant (FNLE) fallopian tube cell lines to con-
firm our data in a human model (Merritt et al., 2013). Our high
throughput biophysical measurements using both the MOSE model
and the human syngeneic pairwise cells, all capable of being quanti-
fied in a matter of few hours, quantitate biophysical sensitivity to
disease progression, thus providing both new and complementary
investigative tools for early diagnosis of ovarian cancer.

RESULTS

Design of fiber networks to quantify biophysical metrics in
ovarian cancer

We used the nonelectrospinning STEP technique to fabricate sus-
pended fiber networks (Figure 1) for quantifying protrusion, coiling,
migration dynamics, and the forces exerted by the three MOSE
phenotypes representing the various stages of ovarian cancer
progression.

To quantify protrusion dynamics and coiling occurring at the tip
of the protrusion, we use an orthogonal network of fibers with mis-
matched fiber diameters. The larger diameter (~2000 nm) “base
fibers” constrain cell migration along the base fiber axis, while or-
thogonally deposited smaller diameter (~500 nm) “protrusive
fibers” allow the study of individual protrusions (Koons et al., 2017).

To investigate cell migration, we designed fiber geometries that
recapitulate the cell morphology observed in vivo in the complex,
fibrous submesothelium. Transmission electron micrograph images
taken in separate studies have shown stromal cells adopting a dis-
tinctly polarized and elongated morphology while interacting with
collagen fibers in the submesothelium (Dobbie et al., 1981; Thomas,
1987). Since these shapes are typically associated with persistent
migration in cancer invasion, we used our previously described
strategies of parallel networks of fibers (Sharma et al., 2013; Sheets
et al., 2013; Estabridis et al., 2018) and cross-hatch network of fibers
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FIGURE 1: Overview of the STEP suspended fiber networks used to quantify biophysical metrics. (Center) Schematic
showing an overview of the suspended fiber networks with precisely tunable network architecture. Schematic and
corresponding SEM images of the specific fiber networks used to quantify (A) protrusion and coiling dynamics,

(B) migration dynamics on single fiber, two fiber and crosshatch networks, and (C) forces exerted during migration.
Histograms show the fiber diameter distribution for the ~2 pm “base fibers” used in the protrusion and force networks,
~500 nm diameter fibers used in the protrusion and migration networks and ~220 nm diameter fibers used in the force
networks. Inset images in dashed boxes are representative images of associated cell behavior with numbers denoting

scale bars in microns. Scale bars in all SEM images are 10 pm.

(Jana et al.,, 2019) to achieve shape-dependent persistent migra-
tion. Specifically, modulating the spacing between adjacent aligned
fibers allowed us to study cell migration in elongated shapes on
“single fibers” (~25 pm interfiber spacing), on “two fibers” (~15 um
interfiber spacing), and on cross-hatch network of fibers with a
~6 pm x ~6 pm grid size.

Cells migrating in fibrous environments tug on individual fibers
causing them to deform. To estimate the tugging forces, we have
developed the nanonet force microscopy (NFM) technique (Sheets
et al., 2016; Tu-Sekine et al., 2019; Padhi et al., 2020a,b). Briefly,
NFM nanonets are comprised of strutlike, large diameter (~2000 nm)
base fibers orthogonal to which are deposited smaller diameter
(~220 nm) “force fibers” (Figure 1C). NFM estimates forces from
deflection of fibers and by establishing force vectors that originate
from focal adhesion clustering (FAC) occurring at poles of cells and
directed along the dominant tension-bearing F-actin stress fibers.

All measurements described in this study were conducted in
hours using metric-specific fiber networks and can be combined in
a single scaffold for high throughput and high content screening
(schematic in Figure 1).

Protrusion length is the longest in the MOSEq,c, phenotype

Cells extend protrusions to probe and sense the surrounding envi-
ronment continuously. We wanted to inquire if in vitro fibrous envi-
ronments can identify the metastatic potential of cancer cells
through protrusion dynamics. We defined two metrics of eccentricity
(E) and protrusion length (L) (Figure 2Ai) to quantify protrusion dy-
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namics (Koons et al., 2017; Mukherjee et al., 2019). The eccentricity
metric represents the shape of a protrusion, with low eccentricity
(E< ~0.6), signifying a “rodlike” protrusion, while high eccentricity
(E > ~0.8) signifies a "kite-shaped” broad protrusion. The combina-
tion of two metrics defines a “protrusion cycle” which typically lasted
less than 2 h for each phenotype. The cycle started with the broad-
ening of the protrusion (increase in E), followed by an increase in the
length, and ended with protrusion retraction to the main cell body
(Figure 2Aii; Supplemental Movie S1). Phase images depicting a
typical protrusion cycle for each MOSE phenotype are shown in
Figure 2B, while representative plots for protrusion cycles for all
three phenotypes are shown in Supplemental Figure S1. We quanti-
fied both the maximum eccentricity and the maximum protrusion
length for the three MOSE phenotypes (MOSE-E, MOSE-L, and
MOSE-Ly|c,). We found that there was no significant difference in the
average maximum eccentricity (Figure 2Ci). However, the maximum
protrusion length was lowest in the MOSE-L cells (19.2 + 1.0 pm)
while the MOSE-Lyc, cells formed the longest protrusions (average
length of 54.1 £ 3.4 um; Figure 2Cii). Overall, our results indicate
that the cancer phenotype representing fast-developing disease in
the model correlates with the most extended protrusions.

Coiling at the tip of protrusions correlates with an
increasingly aggressive MOSE phenotype

While extending protrusions, cancer cells sense the fiber curvature
by coiling (wrapping-around the fiber axis) at the tip of the protru-
sion (Mukherjee et al., 2019) (Supplemental Movie S2). We wanted
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FIGURE 2: Protrusion dynamics show significant differences across the MOSE model. (A.i) Schematic showing
measurements for protrusion length (“L") and eccentricity (“E"). (A.ii) Representative “protrusion cycle” plot for a
MOSE-E cell. (B) Representative phase images for all three MOSE phenotypes showing typical protrusion cycles. Yellow
parentheses indicate the protrusions in each image. Scale bars are all 20 pm. (C) Comparing the (i) maximum average
eccentricity and (i) maximum protrusion length for the MOSE-E, MOSE-L, and MOSE-Lyc, cells; n values for the
MOSE-E, MOSE-L, and MOSE-Lyc, cells are 50 (23 cells), 55 (25 cells), and 64 (28 cells), respectively.

to inquire if coiling dynamics (Figure 3A) could be used as a measure
of the disease progression in the MOSE model. From the coiling
cycles for the three MOSE phenotypes (Figure 3B), we found that the
maximum coil width increased with increasing aggressiveness of the
MOSE model, with the MOSE-Lyc, cells showing a maximum coil
width of 3.4 £ 0.1 pm, representing a 48% increase over the maxi-
mum coil width of 2.3 £ 0.1 pm displayed by the benign MOSE-E
cells (Figure 3Ci). Furthermore, we found that the time taken to
reach the maximum width increased with the disease stage (Figure
3Cii). Thus our data of coiling at the tip of the protrusion show stark
differences across the MOSE model and suggest its potential use as
a useful biophysical metric to determine metastatic capacity.

Migration speed of polarized cells depends on cell shape
and disease stage

Given that protrusive activity is widely considered a precursor to cell
migration (Friedl and Wolf, 2003; Stoletov et al., 2018), we investi-
gated whether the differences in protrusive dynamics and coiling
behavior translated to differences in migration dynamics on sus-
pended fibers across the MOSE model. To this end, we determined
polarized single-cell migration on anisotropic (single fiber and two
fibers) and low interfiber spacing dense orthogonal (”cross-hatch
network”) networks. We used cell migration on the flat, 2D glass
surface as a control (Figure 4A, i-iv). Before quantifying the migra-
tion rate, we inquired whether the cell morphology was different
across the MOSE phenotypes on the different substrates as both the
spread area (Webb et al., 2000) and the degree of polarization
(Condeelis and Segall, 2003) have previously been linked with influ-
encing migration dynamics. Thus we quantified both the cell spread
area and circularity (a circularity value close to 1 indicates a perfect
circle). We found that the benign MOSE-E cells had the largest
spread area, and the area decreased with an increase in invasiveness
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(Figure 4B, i-iv). Circularity, on the other hand, was the highest on
flat 2D, indicating cells to be broad in shape (Figure 4C, i-iv). The
low values of circularity indicating elongated shapes for cells on the
single- and two-fiber systems were expected. However, for cells at-
tached to single fibers (spindle-shaped cells), the intermediate phe-
notype (MOSE-L) unexpectedly had the lowest area and highest
circularity, indicating a rounded spindle morphology. Overall, our
analysis across all substrates showed that the benign cells have the
most extensive areas, whereas the circularity measure was not able
to distinguish shape-based differences.

Having quantified the cell morphology, we next investigated
their migration dynamics (Supplemental Movies S3-Sé). First, we
found that MOSE cells, regardless of the phenotype, migrated
faster on suspended fibers compared with flat 2D (Supplemental
Figure S2). Next, we wanted to interrogate whether the faster mi-
gration rate correlated with disease progression. We found that the
migration rate increased with the invasiveness of MOSE cells, ex-
cept for intermediate MOSE-L cells migrating faster on single fibers
(Figure 4D, i-iv). Specifically, the migration speed for the stemlike
MOSE-Lyc, cells increased by 124, 149, and 126% over those of the
benign MOSE-E cells on the two-fiber, cross-hatch network, and flat
substrates, respectively. Finally, we inquired if the faster migration
rates observed on fibers were driven by differences in the persis-
tence of motion for the cells. We found that on all the fiber catego-
ries, all phenotypes had higher persistence values compared with
flat 2D cells. Generally, the most advanced phenotype did exhibit
the highest persistence on each fiber substrate, although there was
no statistical difference observed on either the single-fiber or the
two-fiber networks (Figure 4E, i-iv). Altogether, our data show that
the phenotype in the MOSE model that represents fast-developing
disease and has stemlike properties has the lowest area but mi-
grates the fastest with the highest persistence.

Molecular Biology of the Cell
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MOSE force-disease biphasic relationship exhibits F-actin
network dependence

During the migration process, cells continuously generate actomyo-
sin contractility-driven forces that act on the surrounding substrate
(Gupton and Waterman-Storer, 2006). Given that the actin cytoskel-
eton undergoes significant reorganization during the disease pro-
gression in the MOSE model (Creekmore et al., 2011), we enquired
if this correlated with the forces exerted by single cells. We have
previously shown that on 2D flat substrates, the benign MOSE-E
cells exhibit distinct actin cables in contrast to the cancerous MOSE-
L, which exhibit a dense, meshlike network lacking in prominent
stress fibers (Creekmore et al., 2011). We used NFM (Figure 5A) to
quantify the forces by establishing force vectors that originate at
FAC and are directed along the F-actin stress fibers. Using fluores-
cent images of filamentous actin (Figure 5Bi), we found that the av-
erage stress fiber angle of 10.2 £ 0.5 degrees in benign MOSE-E
cells was significantly lower than both the MOSE-L (16.1 + 1.4) and
the MOSE-Lyc, (15.5 £ 0.9) cell lines. Using these average F-actin
stress fiber angle values in our finite element model, we computed
the forces exerted by single cells. We found that MOSE-E cells ex-
erted the highest force of 305 £ 24 nN, which was 189 and 75%
higher than the force exerted by the MOSE-L (106 £ 9 nN) and the
MOSE-Lyic, (174 £ 10 nN) cells, respectively (Figure 5Bii; Supple-
mental Movies S7-S9). The highest force being exerted by the
MOSE-E cells is not surprising due to these cells having prominent
actin stress fibers compared with the other two aggressive cell
types. This result is also consistent with the lowest migration speed
of these cells (Figure 4Dii). The lower forces exerted by MOSE-L is
presumably due to the loss of well-defined actin networks (Figure
5C) and the wider distribution of angles formed by F-actin stress
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fibers, thus causing a large variability in force values. Indeed, on
quantifying the length of the actin filaments across the MOSE
model, we find that the MOSE-E cells show significantly longer actin
filaments on the fiber networks compared with both the aggressive
phenotypes signifying a transition from a cell-spanning, well-de-
fined network in the MOSE-E cells to the more meshlike structures
composed of shorter filaments in the MOSE-L and MOSE-Lyc, cells
(Supplemental Figure S5A). Even on the flat surface, the actin
filament length decreases with increasing aggression although the
results are not statistically different (Supplemental Figure S5B). The
increase in forces in the MOSE-Lyic, may be attributable to the par-
tial reassembly of F-actin networks (Figure 5C).

We inquired if decreased forces in aggressive phenotypes re-
sulted in changes in nuclear morphology. We stained for the nucleus
and then took z-stack slices of the nucleus using confocal micros-
copy to measure the thickness of the nucleus. We found that
MOSE-E cells showed the most compressed nuclei while MOSE-L
cells exhibited the thickest nuclei, corresponding to the highest and
lowest forces exerted, respectively (Supplemental Figure S6). Previ-
ously we had shown that expression of myosin light chain kinase
(MLCK) in the intermediate MOSE-L phenotype increased in com-
parison to the benign MOSE-E phenotype which was accompanied
by an increase in the activation of phosphorylated myosin light chain
(PMLC) expression driven primarily by an increase in MLCK
(Creekmore et al., 2013) (Supplemental Figure S7, A-D). We
analyzed the most aggressive phenotype MOSE-Lyc, and found a
reduced expression of MLCK compared with the MOSE-L but which
was still higher than in the MOSE-E cells (Supplemental Figure S7E).

Finally, given that the force transduction machinery relies on
focal adhesions to interact with the surrounding substrate, we

Biophysical Metrics in Ovarian Cancer | 5
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pm. Comparison of the cell spread area (B), circularity (C), average migration speed (D), and average persistence

(E) across the MOSE model on the (i) single fiber, (i) two fibers, (iii) cross-hatch network, and (iv) flat substrates; n = 35
for all the single fiber substrates (MOSE-E, MOSE-L, and MOSE-Lyc,), 30 for all the two fiber substrates, 32 for the

cross-hatch network, and 25 for the flat surface.

quantified the focal adhesion pattern across the MOSE model. On
staining for adhesion protein paxillin, we found that both aggressive
phenotypes exhibit significantly shorter focal adhesions in compari-
son to the benign MOSE-E phenotype. However, there are no
significant differences between the two aggressive phenotypes
(Supplemental Figure S8).

Taken together, our results suggest that with disease progres-
sion, cancer cells exert lower forces compared with benign cells,
which is influenced by the length network of F-actin stress fibers,
increased MLCK expression, and a reduction in the size of focal
adhesions.

Human ovarian cancer cell pair shows similar biophysical
trends as the MOSE Model

We next wanted to confirm that the biophysical metrics for the
MOSE cells, a model for serous ovarian cancer, were not limited to
a mouse cell model but could be extended to human cancer cell
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lines. To this end, we repeated key protrusion, coiling, force, and
migration measurements for benign (FNE) and malignant (FNLE)
human fallopian tube cancer cells; the aggressive phenotype of
these cells is not available. Overall, we found that the FNE/FNLE cell
pair followed the same trend as observed between the MOSE-E
(benign) and the MOSE-L (slow developing disease) cells in the
MOSE model. Specifically, the FNE cells exhibited longer protrusion
length (Figure 6Ai; Supplemental Movies S10 and S11) and lower
maximum coil width compared with the transformed FNLE counter-
parts (Figure 6Aii; Supplemental Movies S12 and S13). Furthermore,
on using NFM to quantify the forces exerted by single cells, we
found that the FNE cells exerted significantly larger forces on the
suspended fibers compared with the FNLE cells (Supplemental
Movies S14 and S$15) that may be correlated to their extensive actin
stress fibers (Supplemental Figure S4) and the lower stress fiber an-
gle indicating a more contractile morphology (Figure 6B, i and ii).
Finally, quantification of the migration dynamics on single fiber
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networks, two fiber networks, and on flat (which served as the con-
trol) revealed that the FNLE cells migrated faster on all substrates
compared with the FNE cells (Figure 6C; Supplemental Movies S16
and S17), similar to the trend observed between the MOSE-L cells
as compared with the MOSE-E cells in the mouse model. The higher
speed observed for the FNLE cells was driven by a higher persis-
tence on both fiber networks and the flat surface (Figure 6D).

In addition to the FNE and FNLE human ovarian cancer cell pair,
we found that three other human ovarian cancer cell lines that we
tested, A2780, Caov3, and C200, also exhibited protrusive behavior
and exerted contractile forces on suspended fiber networks
(Supplemental Figure S9). While these additional cell lines do not
represent benign-metastatic pairwise comparisons, they further
highlight that the ability of ovarian cancer cells to extend protrusions
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on suspended fibers and tug on them to exert contractile forces is
not limited to the mouse model but is exhibited across a wide range
of human ovarian cancer cell lines.

Taken together, these results indicate that the biophysical metrics
described in this study are comparable to the differences between
benign MOSE-E and malignant MOSE-L cells.

DISCUSSION

Despite metastasis being the leading contributor to cancer-related
deaths, there is currently no clear indicator for predicting the meta-
static potential of a tumor in a patient (Meirson et al., 2020a). Clini-
cal oncologists primarily depend on a combination of pathology
results (Steeg, 2006; Valastyan and Weinberg, 2011) and gene
expression or mutational signatures as a predictive tool for accurate
I 7
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cancer prognosis (Hanahan and Weinberg, 2011; Garraway and
Lander, 2013; Weinstein et al., 2013; Lawrence et al., 2014). How-
ever, genetic profiling can be a time-limiting step which is further
compounded with heterogeneity in tumor populations (El-Deiry
et al., 2019; Wu et al., 2020) and nonmutational regulatory factors
that combine to determine the metastatic capacities of the cells
usefully. In addition to characterizing individual genetic modifica-
tions, biophysical metrics can serve as complementary clinical indi-
cators of metastatic potential (Kraning-Rush et al., 2012).

The biophysical metrics implicated in invasion (protrusions, mi-
gration, and exertion of force) are specifically contextual in ovarian
cancer metastasis due to the ability of ovarian cancer cells to physi-
cally invade through both the mesothelial layer lining the peritoneal
organs and subsequently the complex fibrous submesothelium for
successful dissemination to distal sites and further colonization
(Tomar et al., 2018). In this study, our goal was to use suspended
ECM-mimicking nanofiber networks to quantify, within a timespan
of hours, relevant biophysical metrics in a progressive ovarian can-
cer model (MOSE) to discern disease progression.

We quantitated protrusion dynamics (length and eccentricity) for
the MOSE model (Figure 2) and found that the MOSE-Lyc, (repre-
senting advanced, fast-developing disease) formed the longest
protrusions. Our findings are in agreement with our previous study
that demonstrated that the highly metastatic breast adenocarcinoma
MDA-MB-231 cells exhibit significantly longer protrusion lengths
compared with the nontumorigenic breast epithelial MCF-10A cells
(Koons et al., 2017). Our findings are also in agreement with other
studies using a combination of both flat 2D assays and gel-based 3D
assays demonstrating that protrusions of squamous cell carcinoma,
glioblastoma, bladder cancer, and breast cancer can be correlated to
metastatic capacity (Coopman et al., 1998; Yamamoto et al., 2011;
Meirson et al., 2020b). However, our finding that MOSE-L pheno-
type extends shorter protrusions compared with the benign MOSE-E
cells is unexpected. We inquired if the cell area played a role in the
formation of shorter protrusions. We quantified the area of MOSE-L
cells attached to the main base fiber in protrusion assay and found it
to be significantly smaller compared with MOSE-E cells. Normalizing
the protrusion length to the cell spread area did not show differences
in the protrusion lengths between the benign and the intermediate
cells in the MOSE model (Supplemental Figure S3). Areal normaliza-
tion of the MOSE model suggests that protrusion length may not be
a sufficient standalone metric capable of differentiating between be-
nign and tumorigenic phenotypes.

Next, since coiling occurs at the tip of protrusions, we found that
the coil size increased with increasing disease state of the MOSE
cells independent of the cell area (Figure 3). Our findings concur
with our earlier study wherein we demonstrated that the metastatic
breast cancer cells exhibit significantly larger coil sizes compared
with their nontumorigenic counterparts across a range of fiber diam-
eters from ~135 to ~1000 nm (Mukherjee et al., 2019). Altogether,
our results indicate that coiling behavior which is unique to fiber
networks correlates robustly with ovarian cancer disease progres-
sion, thus functioning as a more deterministic metric in identifying
the metastatic potential of single cancer cells.

In addition to protrusion and coiling, we investigated cell migra-
tion as another potential biophysical marker. We designed our fiber
networks to achieve in vivo resembling elongated cell morpholo-
gies that led cells of all phenotypes to move persistently compared
with flat surfaces. We found that on both two-fiber and cross-hatch
fiber geometries, the migration rate of the polarized ovarian cancer
cells positively correlated with increasing disease state. In contrast,
only in the case of the single fiber geometry the MOSE-L cells exhib-
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ited the highest migration rate, which is consistent with their smaller
size and rounded spindle morphology (Figure 4). Our migration
findings are in agreement with reported studies that show increas-
ing invasive potential of cancer cells correlates with increasing mi-
gration rate across a range of cell types, including breast and thyroid
cancer cells (Liu et al., 2008; Papageorgis et al., 2010; Ning et al.,
2011). Additionally, in vivo, human epidermoid cancer cells with
lower invasive capacity are shown to have an approximately fourfold
reduction in migration rate compared with their more invasive coun-
terparts (Zijlstra et al., 2008). Thus altogether, we suggest that mi-
gration and persistence of migration can be suitable predictors of
invasive potential.

Finally, we used the NFM platform to quantify the forces exerted
by the MOSE cells and found a biphasic relationship between the
force exerted with disease progression such that the benign MOSE-
E cells exerted the highest forces (Figure 5). While the relationship
between higher migration rates and lower force exertion by aggres-
sive cancer cells seems reasonable, previously reported studies us-
ing traction force microscopy had shown both similar and contrast-
ing results. Our findings are in agreement with Indra et al. (2011),
who quantified a decrease in traction forces exerted by four murine
breast cancer cell lines derived from the same primary tumor but
with increasing metastatic capacity (Indra et al., 2011). They attrib-
uted the loss in forces to a reduction in the number of focal adhe-
sions suggesting a less adhesion-dependent migratory mode with
disease progression. In contrast, Résel et al. found that metastatic
A3 sarcoma cells exert five times higher traction forces compared
with less metastatic K2 counterparts due to an up-regulation of
ROCK protein, which promotes cytoskeletal contractility (Résel
et al., 2008). Similarly, Kraning-Rush et al. quantified traction forces
using an isogenic cell model, which represents the full spectrum of
neoplastic progression in breast cancer and found that forces in-
creased with disease progression (Kraning-Rush et al., 2012). In our
case, we suggest that the drop in forces with disease progression is
due to the disorganization and transition of long and distinct F-actin
fibers in the benign MOSE-E cells to a meshlike network in the
MOSE-L cells causing them to be softer (Creekmore et al., 2011,
Ketene et al., 2012a,b). Indeed, the angles formed by actin stress
fibers are at a shallower angle in MOSE-E cells due to which these
cells can apply large forces and cause the fibers to deflect more in-
ward (Supplemental Figure $10). However, MOSE-Lyic, exhibit par-
tial reassembly of actin cables compared with the MOSE-L and thus
the exerted forces were higher but not reaching the levels exerted
by the MOSE-E. Our data indicate that while forces are lower in
ovarian cancer cells compared with the benign counterparts, the
force exertion increases with invasiveness between the two cancer
phenotypes. To generate the contractility required to transmit the
forces, the cell relies on phosphorylation of pMLC by the MLCK
(Amano et al., 1996; Asokan et al., 2014). Combining results from
our previous work with new experiments, we report here that MLCK,
myosin light chain, and the pMLC expression are all increased in the
two metastatic phenotypes compared with the benign phenotype
(Creekmore et al., 2013). This result is also in general agreement
with work from others which showed that chemoresistant ovarian
cancer cell variants showed increased pMLC expression compared
with drug-sensitive control cells (Kapoor et al., 2018). Given that the
forces exerted by the MOSE cells on our NFM platform show a
marked decrease for the two metastatic phenotypes compared with
the benign phenotype, it suggests that the effect of the decrease in
prominent, thick actin cables with increasing aggressiveness has a
more significant influence in mediating force expression than the
increase in myosin expression. Finally, focal adhesions at the cell
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membrane serve to transmit the internally generated forces to the
external ECM. Our staining and associated quantification of FAC
lengths show that the size of the clusters decreases with increasing
aggression in the MOSE model. This result is in accordance with
previous work by us showing that the size of focal adhesions re-
duced with increasing aggression in the MOSE model (Creekmore
et al., 2013) and others showing that focal adhesions were signifi-
cantly impaired in chemoresistant ovarian cancer cells compared
with their drug-sensitive control counterparts (Kapoor et al., 2018).
This impairment in focal adhesion distribution suggests a potential
switch from mesenchymal to ameboid migration with progression in
the MOSE model which is further supported by the significant in-
crease in migration speed (Figure 4). Altogether, our findings sug-
gest that forces can provide insights into the metastatic capacity of
cancer cells.

There has always been a healthy skepticism surrounding the
translational capacity of purely animal-based models to human cell
lines and ultimately human subjects, stemming primarily from ge-
nomic differences between animal species and humans (Marti¢-Kehl
etal., 2012; Barré-Sinoussi and Montagutelli, 2015). To preemptively
address this question in our study, we interrogated whether the bio-
physical trends we observed in the syngeneic mouse model were
consistent in a syngeneic human ovarian cancer model comprised of
FNE (benign) and FNLE (malignant) cells. Here we found that all the
key biophysical metrics we quantified including protrusive behavior,
coiling at the protrusion tip, migration dynamics, and forces exerted
showed similar trends in the syngeneic human model as they did in
the mouse model, providing further validation of the potential of
these biophysical metrics in predicting disease progression. In addi-
tion to the conservation of the biophysical trends, previous work by
us has also shown that transformation from benign to malignant
phenotypes in both the MOSE model and the human FNE/FNLE cell
pair lead to similar loss of filamentous mitochondria and the appear-
ance of more locally aggregated mitochondrial structures in the
perinuclear region (Greico et al., 2021; Compton et al., 2021).

In conclusion, by using suspended extracellular mimicking fibers,
we demonstrate, within hours, high throughput and high content
biophysical quantitation of key biophysical metrics across the ovar-
ian cancer MOSE model. Suspended fibers overcome the short-
comings of flat 2D substrates, and having controlled and repeatable
networks provide precise quantitation of biophysical metrics in sin-
gle cells that would be challenging in 3D gels. While the biophysical
behaviors (protrusion, migration, and force exertion) are shown by
other methods to identify metastatic potential, we emphasize the
need to study them using fiber networks, as they are sensitive to
both the size and the stiffness of suspended fibers (Papageorgis
et al., 2010; Indra et al., 2011; Sharma et al., 2013; Leong et al.,
2014; Meehan and Nain, 2014; Hall et al., 2017; Stoletov et al.,
2018). Our finding that the coiling metric, a behavior unique to fi-
bers, is a robust metric capable of identifying metastatic potential
further highlights the importance in the use of fibers to study cell
behaviors. We caution that our inferences on metastatic potential
are derived from a well-defined MOSE mouse model, and they
need to be verified in primary human patient cells. Furthermore, the
biophysical metrics by themselves may not be sufficient to describe
the metastatic potential, and they should be complementarily eval-
uated with current diagnostic assays to understand the mechanical
plasticity of cancer cells with disease progression. However, our
demonstration of the importance of ECM-mimicking suspended
fibers suggests the possibility of their use as natural culture environ-
ments postbiopsy, thus minimizing phenotypic shifts. Overall, the
ability to quantitate phenotype-sensitive biophysical metrics within
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a short time span of hours provides new prescreening tools that
open unique opportunities for faster detection of cancer.

METHODS
Request a protocol through Bio-protocol.

Fiber network manufacturing using the STEP platform

The previously reported nonelectrospinning STEP method (Nain
et al., 2009) was used to fabricate the suspended fiber scaffolds
used in this study (Figure 1). Briefly, polystyrene (PS, Scientific Poly-
mer Products, Ontario, NY) of ~2 x 10¢ g/mol molecular weight was
dissolved in a 1:1 xylene:dimethylformamide (Fischer Scientific,
Pittsburgh, PA) solution at 10% (wt/wt) concentration to prepare the
polymer solution for spinning the ~2 pm base fibers for both the
protrusion and the force studies. To spin the ~500 nm diameter fi-
bers for the migration and protrusion studies, a 10% (wt/wt) concen-
tration solution of ~2 x 10¢ g/mol molecular weight polystyrene dis-
solved in xylene was used. Finally, to spin the ~220 nm diameter
fibers for the force studies, a 7% (wt/wt) concentration solution of
~2 x 10° g/mol molecular weight polystyrene dissolved in xylene
was used. The solutions were prepared at least 2 wk prior to spin-
ning the fibers.

Scanning electron microscopy

An environmental scanning electron microscope (ESEM) was used
to take images of the suspended fibers in order to confirm the fiber
diameter. Prior to imaging the scaffolds, they were coated with a
7 nm-thick layer of platinum-palladium using a Leica sputter coater
(Leica, Wetzlar, Germany). The images were taken at an electron
beam voltage of 10 kV and a spot size of 3.5 using the ETD detector.
The working distance was maintained at ~11 mm. Appropriate mag-
nification was used depending on the application.

Cell culture

MOSE cell lines representing benign (MOSE-E), slow-developing
(MOSE-L), and fast-developing disease (MOSE-Lyc,) of ovarian can-
cer generated from C57BL/6 mice have been extensively character-
ized previously (Roberts et al., 2005; Creekmore et al., 2011;
Anderson et al., 2013; Cohen et al., 2013). MOSE cells were cul-
tured in high glucose DMEM (Sigma-Aldrich) supplemented with
4% fetal bovine serum (Atlanta Biological), 3.7 g/l sodium bicarbon-
ate, and 10 ml/I of penicillin-streptomycin solution with a pH of 7.4
at 37°C in 5% CO, in humidified conditions (Merritt et al., 2013).
The human syngeneic benign (FNE) and malignant (FNLE) fallopian
tube cell lines were both obtained from the Miami Sylvester
Comprehensive Cancer Center. These cells were cultured in Primaria
tissue culture flasks (Becton Dickinson) with FOMI medium (Sylvester
Cancer Center) supplemented with 25 ng/ml cholera toxin (Sigma)
as described (Merritt et al., 2013). The A2780 cells were cultured in
RPMI 1640 medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum, 1% penicillin-streptomycin, 2% L-gluta-
mine, and 0.002% plasmocin. The C200 cells were cultured in RPMI
1640 medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin, 2% L-glutamine,
0.00025% insulin, and 0.002% plasmocin. The Caov-3 cells were cul-
tured in DMEM medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin, and
0.002% plasmocin.

Cell seeding and experiment

To prepare for the experiments, the scaffolds were first fixed to the
glass bottom of 6-well dishes (MatTek Corp., Ashland, MA) using
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sterile, high-vacuum grease (Dow Corning, Midland, Ml). Next, each
well was filled with 2 ml of 70% ethanol in order to disinfect the scaf-
folds followed by two phosphate-buffered saline (PBS) rinses
(Thermo Fisher Scientific). Subsequently, the fibers were coated with
4 pg/ml fibronectin (Invitrogen, Carsbad, CA) for 2 h prior to cell
seeding to aid cell attachment to the fibers. Once the cell culture
reached ~80% confluency, 0.25% trypsin (ATCC, Manassas, VA) was
added and the culture was incubated for ~1 min. Following the in-
cubation, 5 ml of fresh cell media were added to inhibit the effect of
the trypsin. Finally, cells were seeded at a density of ~300,000 cells/
ml on the scaffolds and were allowed to attach to the fibers for ~3 h.
Once the cells had attached to the fibers, 3 ml of media were added
to each well.

Microscopy and imaging

The cells were imaged using the AxioObserver Z.1 (with mRm cam-
era) microscope (Carl Zeiss, Germany) at 20x magnification for the
protrusion, migration, and force studies and at 63x (water immer-
sion objective) magnification for the coiling studies. The cells were
imaged at intervals of 4 min for the migration studies, 3 min for the
force studies, 2 min for the protrusion studies, and 1 s for the coiling
studies. All the videos were analyzed using ImageJ (National Insti-
tutes of Health, Bethesda, MD).

Analysis of biophysical metrics

For the protrusion analysis, the maximum protrusion length was
calculated as previously described (Koons et al., 2017). Briefly,
first the distance from the base fiber to the protrusion tip was
measured (Ly). Next, the largest possible ellipse was fit along the
curvature of the protrusion such that one end of the ellipse was
located on the protrusion at a distance of 0.8 x L, from the base
fiber. Finally, the protrusion length (L) was measured as the dis-
tance from the tip of the protrusion to the projection of the inter-
section of the major and minor axes of this ellipse with the pro-
trusive fiber. The eccentricity of the protrusion (E) was calculated
as follows:

a?-b?

Eccentricity =

where a and b are the semimajor and semiminor axis, respectively,
of the ellipse fit to the protrusion as described in Figure 2A.

The coiling dynamics at the tip of the protrusion were calculated
as previously described (Mukherjee et al., 2019). Briefly, the maxi-
mum coil width (Figure 3A) was calculated as the largest coil width
during a coiling cycle. The time taken to reach maximum coil width
was calculated as the total time taken from the initiation of a coiling
cycle until the maximum coil width was reached.

For the migration analysis, cells were manually tracked using Im-
ageJ, and the x,y location of the cell centroid was recorded for every
third frame (i.e., every 12 min). The instantaneous speed was then
calculated as follows (in pm/h):

\/(Yt—)’t—1)2+(xt—xt—1)2 x 60
12

Instantaneous Speed =

where (x._1, yi1) are the coordinates of the centroid of a cell at any
given frame in ym while (x, y;) are the coordinates of the centroid of
the same cell three frames (i.e., 12 min) later. The overall average
speed of the cell was then calculated as the average of all the instan-
taneous speed values. The persistence of migration was calculated
as follows:
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\/(yﬁnal - .yinitia/)2 + (Xﬁnal - Xinitial)2
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Persistence =

where (Xfinal, Yiinal) are the coordinates of the centroid of a cell at the
last frame (nth frame) tracked in pm while (Xjnitials Yinitial) @re the coor-
dinates of the centroid of the same cell at the first frame tracked.
The denominator is defined similar as that above for the instanta-
neous speed.

The circularity of the cell during migration was defined as
follows:

4xnxCell Area

Circularity = —————
(Cell Perimeter)

The value for circularity ranges from O to 1 wherein a value closer
to 1 indicates a circular shape while a value closer to 0 indicates a
“straight-line” shape. To quantify the average circularity and aver-
age spread area of the cell during migration, three random frames
were chosen, and both these metrics were averaged over these
three frames.

The analysis of the fluorescent actin channel for actin filament
length measurement was done using the Filament Sensor 2.0 from
the SFB 755 project (Hauke et al., 2021). The datasets obtained
were then organized, plotted, and statistically analyzed using
RStudio Build 351 with R version 4.1.1.

For the analysis, cells that were in contact with another cell or
dividing during the imaging window were not considered. All mea-
surements were taken from multiple, independent experimental
rounds.

Force model for NFM

To calculate the forces from the fiber deflections, the fiber deflection
was tracked for three randomly selected, consecutive frames and
was analyzed in MATLAB (2017a) using our previously reported
methods (Sheets et al., 2016; Tu-Sekine et al., 2019). Briefly, the
~220 nm diameter, horizontal force fibers were modeled as beams
with fixed-fixed boundary conditions since they were fused to the
larger diameter ~2 pm, vertical base fibers at both ends (Figure 5A).
A finite element model was used to obtain the fiber deflection pro-
file from an arbitrary initial force input and the error between the
model fiber profile and the experimentally tracked profile was mini-
mized by using an optimization framework while simultaneously up-
dating the force values iteratively (Figure 5A). The average force was
finally calculated as the average of the three consecutive frames
selected.

Immunostaining and Western blot

Cells were fixed in 4% paraformaldehyde (Santa Cruz Biotechnol-
ogy, Dallas, Texas) dissolved in PBS for 15 min, and rinsed in PBS
twice. The cells were then permeabilized with 300 pl permeabiliza-
tion solution (0.1% Triton X-100 in PBS). After 15 min, the cells were
blocked by 10% goat serum in PBS for 30 min and incubated with
the anti-paxillin antibody (Invitrogen, Carlsbad, CA) in antibody dilu-
tion buffer (0.3% Triton X-100 and 1% bovine serum albumin in PBS)
at a ratio of 1:100 overnight at 4°C. The secondary antibody Alexa
Fluor 488 goat anti-rabbit (Invitrogen) and the rhodamine— or FITC-
conjugated phalloidin were diluted in the antibody dilution buffer at
the ratio of 1:100 and 1:80, respectively, and added to the wells.
The sample was then stored in a dark place for 45 min followed by
three PBS washes. Finally, the nuclei were counterstained with
300 nM of DAPI (Invitrogen) for 15 min. The scaffolds were kept
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hydrated in 2 ml of PBS and imaged using a 63x (water-based im-
mersion) magnification.

Cells were grown on tissue culture plates for 3 d. The cells were
scraped and proteins were lysed in RIPA buffer. Western blotting
was performed as described and probed for MLCK (Sigma-Aldrich)
and normalized to total protein (Fisher Scientific) (Compton et al.,
2021).

Statistics

Statistical analysis of the data was conducted using RStudio (RStudio,
Boston, MA) software. The Shapiro-Wilks normality test was used to
check the normality of the datasets. Analysis of variance (ANOVA)
was used to test for the statistical significance between different
datasets. The following symbols are used to represent the statistical
significance levels: *< 0.05, **< 0.01, and ***< 0.001. If there is no
comparison shown between any datasets, it implies that there is no
statistically significant difference between them. All error bars repre-
sent standard error of mean.
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