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ABSTRACT OF THE DISSERTATION

MicroRNAs with Therapeutic Potential Regulate Ovarian Cancer

Cell Physical Properties and Invasive Behavior

by
Clara Chan
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2017

Professor Amy Catherine Rowat, Chair

The activities of pathways that regulate malignant transformation can be influenced by
microRNAs (miRs). Increased expression of tumor-suppressor miRs are associated with
improved clinical outcomes in patients and reduced invasion of human cancer cell lines. In this
thesis we investigate the mechanism underlying the reduced invasive potential of human ovarian
cancer cells that are transfected with miR mimics representing five tumor-suppressor miRs (miR-
508-3p, miR-508-5p, miR-509-3p, miR-509-5p, miR-130b-3p). Cells with elevated levels of
tumor-suppressor miRs exhibit decreased invasion through collagen matrices, increased cell size,
and reduced deformability as measured by microfiltration and microfluidic assays. To understand
the molecular basis of altered invasion and deformability induced by these miRs, we use
predicted and validated mRNA targets that encode structural and signaling proteins that regulate
cell mechanical properties. Combined with image analysis of F-actin in single cells, our results

suggest that these tumor-suppressor miRs may alter cell physical properties by regulating the



actin cytoskeleton. Our findings provide biophysical insights into how tumor-suppressor miRs
can regulate the invasive potential of ovarian cancer cells, and identify potential therapeutic

targets that may be implicated in ovarian cancer progression.
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1 Cancer Cell Physical Properties

1.1 Introduction

Cancer metastasis is the highly regulated process where primary tumor cells invade adjacent tissue,
infiltrate the circulatory system and vasculature, and spread to a new secondary site [1]. The initiation of
metastasis is accompanied by a loss of intercellular adhesion, degradation of the extracellular matrix
(ECM), and conversion of tumor cells to a motile phenotype [2,3]. It is believed that a key developmental
program activated during cancer invasion and metastasis is the epithelial-to-mesenchymal transition
(EMT) in which cancer cells repress many of their epithelial-associated markers and upregulate
mesenchymal-associated markers [4—6]. Changes in the biophysical properties of cancer cells, such as
loss of adhesion and stiffness, are thought to be hallmarks of EMT [7]; loss of E-cadherin and
cytokeratins result in altered physical and mechanical properties of cells [8]. The ability of metastatic
tumor cells to mechanically soften and modify their adhesion to ECM is thought to enhance their capacity
to escape the primary tumor and survive in the circulation. Understanding the physical forces that
metastatic cells experience and overcome in their microenvironment, and the complex regulatory
networks controlling EMT can provide insight into tumor progression and metastasis, and may improve

our ability to target this key step in tumor progression.
1.2 Cell migration: A complex physiochemical process

Mechanical forces play a crucial role in regulation of cell shape [9] and generation of protrusive and
contractile forces during cell spreading and motility [10,11]. One of the distinguishing features of
metastatic cells is their ability to migrate through a variety of ECM tissues that have different architecture,
pore sizes, and fiber crosslinking [12]. Crucial mediators of the tumor microenvironment include ECM

remodeling proteinases, such as matrix metalloproteinases (MMPs) [2,13], whose proteolytic activity



alters cell—cell and cell-ECM interactions, and degrade physical barriers during invasion. Such changes in
the mechanical and structural environment of the tumor have been shown to contribute to dissemination
and enhanced migration of cancer cells. For example, cells migrating through loosely crosslinked
collagen networks can adopt an amoeboid phenotype and generate actomyosin forces to squeeze through
pores of the ECM network without the use of matrix metalloproteinases (MMPSs) [14]. In dense three-
dimensional (3D) matrix, cell invasion is believed to depend on the ability of cells to generate sufficient
traction forces to overcome the steric hindrance of the surroundings. Together with the actin cytoskeleton,
integrins facilitate cell-substrate adhesion, contractility, and traction force generation to pull the cell and
nucleus through the matrix network [15]. Traction forces are concentrated at the periphery of the cell
front; this is consistent with a propulsive role during cell migration [16,17]. Moreover, the magnitude of
traction forces depend on specific aspects of cell geometry, such as distance from the cell center to the
periphery [18] and the size of focal adhesions for spread cells [19]. This suggests an important function of
traction forces in detecting and controlling cell shape. Indeed, a strong correlation between traction forces,
cell polarization and orientation, and cell migration has been reported for tumor cells in a 3D matrix [20].
The directionality of force generation is believed to be important for cancer cell invasion by coordinating
cell protrusion, attachment, and traction generation [21]. Consistent with this view, the strain energy and
its density distribution are highly anisotropic in invasive cells, but nearly isotropic in non-invasive cells

[20].

Although a less deformable cell and increased matrix stiffness can provide a barrier for cell movement
through narrow pores, matrix stiffness can also alter cellular contractility to promote migration. Fibroblast
cells migrate toward substrates of increasing stiffness, a response termed durotaxis [22]. Indeed,
increasing traction force generation has been observed on substrates of increasing stiffness [23,24]. This
suggests that substrate stiffness provides a feedback mechanism that modulates cytoskeletal organization

and traction force generation responsible for cell migration. The sensitivity of cell migration to stiffness



gradients could have important implications for tumorigenesis, which is accompanied by increases in

ECM stiffness.
1.3 Molecules that regulate cellular mechanical properties

Aberrant regulation of cell migration drives cancer invasion and metastasis [25-27]. The driving force for
cell migration is the formation of membrane protrusions which requires spatial and temporal
reorganization of the cell cytoskeleton. The cytoskeleton is a meshwork of entangled, transiently
crosslinked biopolymers that provides a mechanical scaffold which stabilizes the cell and determines cell
shape. Remodeling of cytoskeletal proteins lead to changes in cell contraction and the viscoelastic
properties of cells [28]. The three major classes of cytoskeletal filaments are actin filaments (F-actin),
intermediate filaments (IFs), and microtubules (MTs) [29]. Collectively, these proteins help maintain cell

shape and structure, and are crucial to cell division, movement and intracellular transport.
Actin filaments

Actin filaments are comprised of two intertwined chains of globular actin monomers (G-actin). Bundles
of actin filaments are held together by a-actinin and other actin-crosslinking proteins, such as fascin and
filamin, which form actin stress fibers that attach to focal adhesion points and span throughout the
cytoplasm [11,30]. Contraction is generated by a class of actin-associated motor proteins called myosins
which use ATP hydrolysis to exert forces on actin filaments [31,32]. This process of contraction is
complex because actin filaments are dynamically organized structures that undergo continuous assembly,
disassembly, and overall reorganization. The spatial organization of actin filaments within the network,
and their connectivity can impact the behavior of actomyosin contractility [33-35]. For example, it has
been reported that high F-actin crosslink density impedes contractility [36], and branched networks are
less contractile than bundles of anti-parallel filaments [37]. However, crosslinking proteins vary in their
size and affinity, and can therefore have differential effects on the organization of actin networks [35]. A

dense network of cortical actin is found underneath the plasma membrane and provides the framework
3



that supports the membrane and determines the shape of the cell. Traction forces may also be important
for enabling adherent cells to maintain a spread shape. Supporting this idea, studies have shown that cells

treated with a myosin Il inhibitor such as blebbistatin take on highly irregular shapes [38].

Various techniques have been used to determine the contribution of actin to cell mechanical properties
[39]. For some measurements looking at cortical actin, disruption with cytochalasin D leads to cell
softening and to stronger frequency dependence as measured by magnetic twisting cytometry (MTC) [40]
and atomic force microscopy (AFM) [41]. Myosin inhibitors show variable effects in the cortical region.
For example, MTC measurements on epithelial cells treated with blebbistatin showed that the cortical
response was independent of myosin motor activity [42]. However, smooth muscle cells showed treated
with the myosin light-chain kinase inhibitor ML-7 showed a small decrease in rigidity compared with

untreated cells [43].

Microtubules

In addition to F-actin, the cytoskeleton is also composed of a network of highly dynamic microtubule
filaments that play an important role in mitosis and transport of intracellular organelles and vesicles

[44]. Structurally, these filaments are hollow tubes consisting of two different protein subunits, alpha-
tubulin and beta-tubulin, which associate end-to-end to form protofilaments. All alpha and beta-tubulin
heterodimers are arranged in the same direction giving microtubules a polar structure. Due to the
structural importance and high rigidity of microtubules, their mechanical properties have been extensively
studied [45,46]. Observations of microtubule bending or buckling [47,48] and of microtubule thermal
fluctuations have proven to be a reliable method to extract mechanical properties [45,49,50]. Microtubule
disrupting agents such as colchicine increase contractile forces while microtubule stabilizing agents are
observed to decrease contractile forces [51]. Individual microtubules are easily buckled under

compressive loads [52,53], although their ability to support compression can be increased through



stabilizing agents [54]. This suggests that microtubules could play an important role in altering the

deformation of cytoskeletal networks.
Intermediate filaments

A large family of proteins, collectively referred to as intermediate filaments (IFs), are another principal
structural determinant within cells. Unlike F-actin and MTs, which are composed of highly conserved
globular proteins, IFs can be formed from 40 different subunit proteins which are subdivided into five
classes: keratins, neurofilaments, desmin, lamins, and vimentin. Each IF protein has a distinct chemical
structure and function within the cell. For example, vimentin plays a key role in adhesion by regulating
integrin functions and cell—cell contacts [55]. Lamins maintain nuclear shape and mechanical stability
[56,57]. The mechanical properties of IF proteins are believed to be essential for the normal function of
many tissues. Mutations in IFs can lead to diseases such as cardiomyopathies and skin-blistering disorders,
which are characterized by a failure of tissues to withstand mechanical stress [58,59]. The unique
mechanical properties of IFs have motivated recent studies to determine their role in the mechanical
properties of cells. It is believed that IFs fulfill primarily structural functions and provide stability to the
cell: in vitro IF networks undergo strain-stiffening and can withstand large deformations that would
rupture F-actin or microtubules [60]. Understanding the physical principles that regulate the dynamics and
the mechanical response of IF networks can provide new clues about the complex mechanical response of

live cells.
1.4 Changes in cellular mechanical properties

Although the importance of understanding mechanical properties of biopolymer networks has been
appreciated for some time, recent advances in biochemical and biophysical techniques now enable precise
measurements of mechanical response of live cells over a range of length and time scales. A wide variety
of tools have been adapted from the physical sciences to study the mechanical properties of cells and the

responses that cells have to external forces. In general, these techniques fall into two classes: force-
5



application techniques or force-sensing techniques. Force-application techniques measure a cell’s
response to an applied deformation or force and have been used to determine the material properties of a
cell, while force sensing techniques measure the forces produced by cells during development,
contraction, migration, and other commonly occurring cell processes. Advances in technology have
allowed for the development of a number of different specialized approaches. Here we discuss some of

the most commonly used techniques.

Force application techniques

The classic method for studying cell deformability at the level of single cells is micropipette aspiration
(MPA). During MPA, the viscoelastic properties of individual cells are determined by using a small
negative pressure to induce deformation of the cell into a micropipette. The intrinsic mechanical
properties of aspirated cells can be derived using various models based on the relationship between the
suction pressure, the diameter of the pipette orifice, cell size, and the protrusion length of the cell in the
pipette [61]. This technique has been used to characterize a wide variety of cell types, including
endothelial cells [62], erythrocytes [63], and leukocytes [64], as well as to study the deformability of

malaria parasite infected RBCs [65].

Another powerful technique to study the properties of single adhered cells is atomic force microscopy
(AFM). In AFM, a flexible cantilever equipped with a sharp AFM tip is used to probe the cell surface.
The tip deflection is monitored during scanning over the sample surface and can be used to measure
interaction forces and generate a three-dimensional image of the surface. AFM can also be used to detect
real-time cell mechanical properties, including the mechanical response of cells after exposure to shear
stress [66], cell adhesion [67], and cell differentiation [68]. Advances in AFM have broadened its use as a
force sensing technique to measure interfacial forces. This has made it possible to directly study

intermolecular interactions, rupture forces, and the strength of single bonds [69,70].



Methods for studying single cells in suspension include optical tweezers and optical stretching techniques.
In both techniques, a focused laser beam is used to generate forces without direct contact of the cell. For
optical tweezers, a pair of dielectric microbeads may be attached to the cell by ligand or antibody binding
and controlled by a laser beam that exerts a restoring force on the bead. Forces applied to the beads are up
to a few hundred pN [71], which is sufficient to induce deformation of single cells. For an optical
stretcher, instead of using beads attached to the cell surface, two diametrically opposed lasers are directed
towards the cell to generate forces that deform single cells [72]. The force on the cell surface is
proportional to the laser intensity. The technology of laser trapping can be combined with microfluidics to
achieve high-throughput detection of cell mechanical properties. The optical stretch technique has been
applied to study the deformability of red blood cells [73], differentiation of myeloid cells [74], oral cancer
diagnosis [75], and for detecting changes during the progression of mouse fibroblasts and human breast

epithelial cells from normal to cancerous state [76].

Microfluidic technologies are attractive for studying cells due to advantages of small sample volume,
integration capability, biocompatibility, and higher throughput. Flowing cells through microchannels that
have a cross sectional dimension smaller than the diameter of the cell is a common way to deform cells in
microfluidic devices. To mimic the environment of human capillaries or narrow gaps encountered during
cancer metastasis, structures such as tapered microchannels [77,78], funnel filters [79], and gap shape
constrictions [80,81] have been used to probe cell deformability. The output measurement produced using
these microfluidic device include parameters such as cell transit time through the constrictions [82,83],
entry time for the cell to squeeze through the microchannel [78], the recovery time for the deformed cell

to return to its original shape after leaving the constriction [84], and transit velocity [78].

Another way to deform cells using microfluidics involves hydrodynamic forces. The fluid flow through
the microfluidic channels can provide a hydrodynamic force to probe cell deformability without any
contact between the cells and the channel wall. The advantage of this approach is that is does not depend

on cell-wall interactions. Cells can also be deformed using extensional flow created by converging
7



streamlines, the ratio of the length of the long axis of a deformed cell to a perpendicular shorter axis
characterizes the deformation index (DI) and reflects cell deformability [85,86]. Using this technique,
Gossett et al. showed that cell deformability could be used as an early biomarker for pluripotent stem cell

differentiation.

The biophysical characteristics of cells are attractive potential label-free diagnostic markers for cancer
and disease progression. Measureable changes in cellular architecture and nuclear structural changes are
associated with early carcinogenesis: metastatic breast cancer cells are more deformable than the non-
tumorigenic cells as measured by AFM [87]. Cellular deformability has also been applied to diagnose
malignant pleural effusions where disseminated tumor cells can be difficult to identify by traditional

cytology [88]. These studies lay the groundwork for clinical diagnoses of cancer using biophysical

markers, which could help to improve clinical decision-making.

Whole cell deformability

The response of cells to mechanical stress is complex, depending on the experimental method, frequency,
magnitude, and location of applied force [89,90]. A popular tool to study the mechanical response of
whole cells and their subcellular components is AFM. By altering the geometry of the cantilever tip, both
local and whole cell studies can be performed on living cells. For example, modified AFM probes with
polystyrene microsphere tips have been used to better approximate the rheological properties of whole
cells [91]. Such studies have shown that a cell’s mechanical response is determined to a large extend by
the underlying cytoskeleton, provided that the cell deformation is small and in the range of a few
micrometers [92]. When sub-micrometer deformations are analyzed at the same magnitude of force, both
AFM and optical laser trapping yield similar values for the Young’s modulus of cells. At these low forces,
the Young’s modulus is largely determined by the actin cortex [93]. The nucleus does not appear to
provide significant resistance or be a major contributor to cell shape recovery in response to local

deformations [90]. By contrast, larger deformations are more sensitive to the mechanical properties of the

8



cell nucleus and the cell interior. For example, in a micropipette aspiration study, melanoma cells
overexpressing lamin A showed reduced nuclear deformability and reduced cell invasion [94]. This is
consistent with enhanced transit efficiency of cells with reduced levels of lamins A/C during passive
perfusion through microfluidic channels smaller than the size of the nucleus [95]. Such studies of cell and
nuclear deformation at large strains are critical to better understanding the role of whole cell

deformability in cancer cell invasion and metastasis.

Force sensing techniques

In traction force microscopy (TFM), cells are seeded on a polymeric gel substrate of known elastic
modulus that has been embedded with micron-sized beads [96]. These beads serve as fiducial markers so
that traction forces can be estimated by tracking the displacement of the beads [97]. TFM has been used
to determine traction forces during migration [16,96] and development [98], to measure forces at focal
adhesions [99], and to elucidate the effect of cell shape [18,100]. A variation of this method uses arrays of
vertical cantilevers to monitor the traction forces produced by cells. Here, the tips of the microposts, or
micropillars, are coated with an extracellular matrix protein. Studies employing micropost arrays have
found that the total contractile forces produced is proportional to the focal adhesion area and the amount
of cell spreading [101]. In a study on MDCK epithelial cells, the maximum traction forces were
concentrated at the edge of the cell, and the epithelial cells within monolayers created higher traction

forces than individual cells alone [102].



2 Measuring Cell Deformability

While a significant amount of cancer research has focused on genetic and metabolic changes underlying
malignant transformation, cancer cells also exhibit striking alterations in cell mechanical properties
compared to benign cells. The mechanical differences observed in invasive cancer cells are thought to
reflect underlying cytoskeletal or nuclear changes. Various anti-cancer drugs, including taxanes and
cytochalasins, affect the integrity of the cytoskeleton [103,104], disrupt the cell cycle [105] and alter cell
mechanics [106]. Single cell mechanical measurements could therefore be used to aid high-throughput
approaches to personalized medicine by providing a label-free biomarker to screen potential new cancer
treatments. To fully exploit single cell mechanical phenotyping, or mechanotyping, for improved patient
outcome requires high-throughput studies to understand how a heterogeneous population of cells found in
most tumors will respond to anti-cancer drugs. The majority of high-grade serous ovarian (HGSC) tumors
develop chemoresistance to taxol and cisplatin drugs, resulting in poor patient outcome. If we could
classify subpopulations of cells from patient tumor samples that are drug resistant, we could identify

treatments to target the chemoresistant cells.
2.1 Deformability cytometry

To probe the physical behavior of individual cells, microfluidic devices present an ideal platform that can
be customized to study a range of cell behaviors including their ability to migrate through narrow gaps
[107] and to passively deform through micron-scale constrictions [78,107—110]. Polydimethylsiloxane
(PDMS) microfluidic devices are optically transparent, enabling cell deformations to be visualized using
light microscopy and analyzed using basic image processing tools. Moreover, arrays of constrictions can
be precisely defined, enabling analysis of multiple cells simultaneously with a throughput that exceeds

many existing techniques [61,111].
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Here we present a detailed experimental protocol for probing cell deformability using the ‘Cell Deformer’
PDMS microfluidic device. The device is designed so that cells passage through sequential constrictions;
this geometry is common in physiological contexts, such as the pulmonary capillary bed [112]. To gauge
cell deformability, transit time provides a convenient metric that is easily measured as the time required
for an individual cell to transit through a single constriction [78,109]. We use pressure-driven flow to
maintain a constant pressure drop across the constricted channels during cell transit. Our protocol
includes detailed instructions on device design and fabrication, device operation by pressure-driven flow,
preparation and imaging of cells, as well as image processing to measure the time for cells to deform
through a series of constrictions. As a representative sample of data, we show cell transit time through a
series of constrictions as a function of the number of constrictions passaged. Analysis of the timescale for
cells to transit though narrow constrictions of a microfluidic device can reveal differences in the
deformability of a variety of cell types [78,79,113]. The device demonstrated here uniquely surveys cell
transit through a series of micron-scale constrictions; this design emulates the tortuous path that cells
experience in circulation and also enables probing additional physical characteristics of the cells such as

relaxation time.
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Figure 1. Schematic illustration of the microfluidic setup.
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(a) “Cell Deformer’ device in the experimental setup showing the peripheral connections. (b) The device design has 4 functional
regions: entry port, cell filter, constriction array, and exit port. Architecture of the microfluidic device showing its main features,

inset shows a transmitted light image of the constricted channels. Scale, 10 um.

The device design has four basic functional regions: entry port, cell filter, constriction array, and exit port
(Figure 1). The overall design can be applied to a wide array of cell types, with minor adjustments to
dimensions. Provided here are a few basic design recommendations along with device parameters that are

effective for a selection of both primary and immortalized cells.

1. Select the width of constriction array channels (Figure 1) to be approximately 30-50% of the
average cell diameter; this constriction-to-cell size ratio results in significant cell deformation but
minimal clogging. Given a cell type that has not previously been tested, it is prudent to design a
range of constriction widths from ~30-50% the cell diameter to find the optimum width. As with
many types of microfluidic devices, over 120 device master molds can be patterned on a single 4
inch silicon wafer, enabling an array of different device designs to be fabricated in a single
fabrication process.

2. Select the channel height to be at least 50% of the cell diameter; this ensures the cell is confined
in 2 dimensions. To prevent channel collapse during bonding, ensure that the channel aspect ratio
is no less than 1:10 (height:width) throughout the device. For channels that must exceed this
aspect ratio, add support posts to prevent collapse. Space support posts at a distance that is at least
twice the cell diameter as to not impede cell flow.

3. Include a filter at the entry ports to remove debris and disaggregate cell clusters (Figure 1).
Adjust the size and spacing of the filter posts so that the distance separating the posts is

approximately equal to one cell diameter.
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Supplies and preparation

A schematic of the entire setup is given in Figure 1. Before commencing any experiment, the following

items must be prepared.

1. Fabricate the device master using standard techniques for lithographic micromachining [114,115].
Verify the height of the patterned features using a profilometer.

2. Prepare the air source for pressure-driven flow, using a tank of compressed air and sequence of
air regulators and fittings (Figure 1).

a. Set up an air supply tank and manual regulator. A composition of 5% CO, in air
maintains a similar environment as a typical cell culture incubator, but other gas mixtures
can also be used.

b. Set up an electronically controlled pressure regulator in-line with the manual regulator.
Use an electro-pneumatic converter to regulate and maintain a stable pressure drop across
the channels, with pressure fluctuations of less than 2 kPa.

c. Set up a pressurized chamber to drive flow of the cell suspension. Assemble a cell
suspension chamber out of a standard flow cytometer tube and a machined cap that
creates a pressure-tight seal on the tube.

3. Set up an inverted microscope fitted with a camera that has an acquisition rate of at least 100
frames per second to capture images of the cells flowing through the constriction array. Interface
the camera with a video capture card and a computer.

4. Prepare a stock surfactant solution of 10% w/w Pluronic F-127 in phosphate buffered saline (PBS)
as adding a small amount of F127 to the cell media solution will help to minimize cell adhesion to
the PDMS walls. To prepare the F127 solution, vortex and heat gently at 37 °C to dissolve the
F127. Prior to use, pass the solution through a 0.2 pm syringe filter and store at room temperature.
Prepare the surfactant solution in advance as vortexing and filtering will generate bubbles that

will persist for more than 24 hr.
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Microfluidic device fabrication

1. Fabricate PDMS block with microfluidic channels.

a. Mix PDMS thoroughly at a ratio of 1:10 (w/w) curing agent to base.

b. Pour the mixture over the device master. Degas in a bell jar with applied vacuum until the
entrapped bubbles disappear, or for about 10-20 min.

c. Bake the degassed device at 65 °C for 4 hr. To prevent channels from collapsing, bake
the device overnight to further crosslink the PDMS for a device with a higher elastic
modulus that is more resistant to channel collapse. However, note that extended baking
also embrittles the PDMS and may lead to cracking when punching holes.

2. Remove microfluidic devices from the master mold. Cut individual microfluidic devices out of
the PDMS block with a razor blade and remove the device from the master. Start by gently lifting
off one corner of the device; slow and gentle peeling, as opposed to lifting the PDMS block
straight up, reduces the stress on both the PDMS and the master.

3. Punch holes in the PDMS device to create connection ports for access between tubing and
microchannels. Create holes using a biopsy punch, and punch from the channel side through to
the exterior side of the device. A biopsy punch with a 0.75 mm bore size creates holes that
interface perfectly with polyetheretherketone (PEEK) tubing (outer diameter = 1/32” or 0.79 mm)
or polyethylene tubing (PE-20, outer diameter = 0.043” or 1.09 mm).

4. Rinse the PDMS device with isopropanol (HPLC grade) to remove dust and lodged chunks of
PDMS. Make sure the punched holes are clear of debris by directing a steady stream of pure
isopropanol from a squeeze bottle through the holes. Blow dry with filtered air. After cleaning,
place PDMS blocks with channels face up in a clean Petri dish to maintain device cleanliness. If

required, store devices in this form until bonding.
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5. Clean the glass substrate by rinsing with methanol (HPLC grade), blow dry with filtered air, and
place on a 200 °C hotplate for 5-10 min to ensure the glass is completely clean and dry before
plasma treatment.

6. Bond the PDMS device to the glass substrate.

a. Oxygen plasma treat the channel side of the PDMS block and 1 side of a glass slide.

b. Place the channel side of the PDMS on top of the treated side of the glass immediately
after treatment.

c. Hold together with light pressure for ~10 sec to promote bonding. Bake the entire device

at an elevated temperature (60-80 °C) for at least 15 min to improve bond strength.
Deforming cells through constricted channels

1. Inspect the microfluidic device under a microscope. Ensure that the channels are not collapsed or
broken and that both inlet and outlet holes connect directly into the device channels by using a
low-power objective (10X). Designate defective devices by scoring the surface of the PDMS with
a razor blade and do not use them for experiments.

2. Prepare the cell culture samples to be assayed. Culture cells using standard conditions.

a. For example, culture HEYAS cells in RPMI-1640 medium supplemented with 1%
penicillin-streptomycin solution and 10% fetal bovine serum in 5% CO; incubator at
37 °C.

b. For adherent cells, harvest them by trypsinization and resuspend in fresh growth medium.
Use a standard trypsinization protocol; for example, add ~0.5 ml trypsin to a flask with
25 ¢cm? culture area, and resuspend in ~30 ml fresh medium.

c. Centrifuge the cells at 300 x g for 3 min, carefully aspirate the supernatant and resuspend
cells to the appropriate final density in fresh culture medium with 0.1% v/v F-127.

3. Count the cells using a Coulter counter, hemacytometer, or flow cytometer. Adjust the cell

suspension to a density of 1 x 10°to 5 x 10° cells/ ml. Once the suspension density is set,
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supplement with approximately 0.1% v/v F-127. NOTE: The cell density and surfactant
concentration may need to be modified depending on the particular cell systems; Table 1 provides
a record of previously used concentrations of cells and F-127 for different cell types.

Place cell suspension in a flow cytometer tube and connect to the pressure cap. Before connecting
the tubing to the microfluidic device, adjust the pressure to about 14-21 kPa and flush until the
cell suspension emerges from the tip of the tubing. This will help to minimize air bubbles in the
tubing and device.

Insert the tip of the tubing containing the cell suspension into the device inlet. If the device is
bonded to a coverslip, place the device on a flat, solid surface such as the microscope stage before
connecting the tubing; the coverslip is fragile and may otherwise break.

Insert a piece of tubing into the exit port and route it into an empty tube for waste collection such
as an empty Falcon tube taped to the side of the microscope stage. For consistency in the overall
fluidic resistance of the device between experiments, ensure that the inlet and outlet tubing is of
the same diameter and approximately the same length for each experiment.

Gently ramp up the pressure to about 28 kPa or until cells flow through the channels. Position the
device so that multiple channels are in the field of view and are perpendicular to the bottom of the
screen. If the camera is limited by data size, acquire multiple videos to generate a sufficient
number of independent data points. Adjust the frame rate as necessary for the desired data output.
To capture changes in cell shape, use high speed imaging at 300 frames per sec (fps); to measure

transit times of cells, use frame rates of approximately 100 fps.
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Cell Type Channel Height (um) | Channel constriction Mean Cell Diameter Cell Concentration Surfactant

(um) (um) (cells/ml) Concentration (vol%)
HL-60 102 57,9 14 ~1x10° F127: 0.1
Neutrophil-type HL-80 |10.2 57,9 14 ~1x10° F127:0.1
OVCARS8 10.2 7,9 16 -5 x 10° F127:0.1
HEYA8 10.2 7,9 17 ~5x 10° F127: 0.1
Mouse lymphocyte 5.5 3,5 8 ~3 % 10° F127:0.33

Table 1. Previously studied cell systems and their operating conditions.
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Figure 2. Representative transit time measurements as a function of constriction number.

(Left) HL-60 cells exhibit a longer transit time through the first constriction than (Right) ATRA-treated HL-60 (neutrophil-type)
cells. A comparison of the transformed passage time (log10) through the first constriction as evaluated using the nonparametric
Mann-Whitney test reveals the difference is significant, p = 1.47E-5. Cells typically transit through the first constriction more
slowly than the subsequent constrictions. Data is shown here for cells transiting through 7 pm-wide constrictions at a driving

pressure of 28 kPa. HL-60, N = 77, ATRA-treated HL-60, N = 97. Results were replicated in independent experiments over the

course of 3 different days.
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2.2 Development of a MEMS device for determining cell mechanical

properties

Introduction

While microfluidic-based methods exploit fluid flow in microchannels to achieve higher throughput,
these methods rely on optical detection to assess the relative deformability of cells. For example, optical
stretchers are capable of deforming 10°-10° cells in < 20 min [73], and inertial microfluidic devices
operate at ~10° cells per second [86]. However, such techniques require intensive image processing,
which inhibits the ability to rapidly characterize and sort single cells. By contrast, electronic-based
detection methods can be easily scaled up and parallelized, which is a major advance over current

technologies measuring cell stiffness.

Microelectromechanical systems (MEMS) based sensors and actuators provide excellent tools for
manipulating and studying biological materials, cells, and tissues [116-118]. The density of individual
cells can be measured very precisely using cantilever resonators with embedded channels [119].
Similarly, mechanical properties of cells can be measured by using a piezoelectrically actuated MEMS
probe for indentation [116], or by adhering them to a MEMS platform and then stretching the cell [120].
Such devices are generally fabricated from single crystal silicon, but other materials can be used to take
advantage of their distinct electrical, thermal, mechanical, optical, and piezoelectric properties. MEMS
devices are typically capable of high speed actuation, due to their low mass and construction from stiff

materials: a silicon-based physical actuator can attain up to ~10™° m displacements at 1 kHz [121,122].

While MEMS devices enable rapid sensing and actuation, exploiting these advantages for studies of
biological specimens is limited by the speed at which cells or molecules can be positioned for probing or
measurement. For example, cells can be deposited onto a MEMS device for measuring their mass or

adhesive forces, or the cells can be located and the device can be moved to their location for indentation.

18



We recently invented a capacitance-based probing and detection platform for rapid electronic
measurement of cells under flow; this would enable real-time analysis and the ability to sort large

numbers of single cells based on cell stiffness.

There are various strategies to manufacture microfluidic circuits for manipulation of conveyed particles or
fluid streams. One approach is based on plasma polymerization of the encapsulating material on a
photopatterned resist [123]. While this method requires no additional etching or bonding and may be
processed onto different materials substrates without an adhesion layer, it does require additional
fabrication steps to produce a photopatterned sacrificial layer. Alternatively, channels can be etched into a
separate substrate, such as glass, which is then aligned and bonded to form a closed network [124]. This
method requires that both device and channel pieces are very flat for bonding or requires an intermediate

layer to compensate for the uneven surface [125].

Another method to deliver samples to MEMS devices is to enclose them in polydimethylsiloxane (PDMS)
microchannels that have been patterned using soft lithography. This approach simultaneously leverages
the strengths of soft lithography and MEMS devices. For example, zero dead-volume valves [126] and
three-dimensional channels [127] can easily be made using soft lithographic processes that would be
difficult or impossible using MEMS processes and materials. The process of designing and molding
PDMS channels allows for rapid fabrication and prototyping. PDMS channels can also be fabricated with
minimal equipment, and can be bonded to both glass and silicon reliably without an intermediate layer
[128,129]. Other advantages of PDMS for biological applications include its optical transparency [130],
chemical stability [131], permeability to gasses [132], and tunable mechanical [133] and surface

properties [134].

While MEMS structures can be enclosed within PDMS, alignment tolerances have been large. For
example, 300 um silicon cantilever beams are incorporated into 600 pm PDMS channels to detect

biomolecules in fluid flows [135]. MEMS pressure sensors are integrated into a ~3000 um wide channel
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to measure the pressure drop across a constriction. Similar PDMS-MEMS unions could be advantageous
for a variety of sensors, including mechanical, optical, and thermal sensors. Additionally, actuators could
be used to manipulate flow or objects. If we could integrate sophisticated microchannel geometries with
high speed sensors and actuators, we could efficiently deliver biological samples for high-throughput
measurements. Hybrid MEMS-PDMS devices are positioned to take advantage of the high speed and
electronic control of MEMS devices while simultaneously leveraging the lower cost, simplicity, and

ability to manufacture valves from soft lithography.
Device design

Here we describe a comprehensive protocol for fabricating a PDMS-MEMS hybrid electrostatic actuator
that can attain micron-scale displacements at frequencies in the range of kilohertz. Our device design uses
microfluidic channels fabricated from PDMS to direct fluid streams to a MEMS fabricated probe for
mechanical measurements of cells by indentation. The oscillator and sensor probes are connected to

parallel arrays of comb drives and are positioned on opposing sides of a microfluidic channel.

The complete oscillator, sensor, and cell system can be modeled by assuming that the oscillator and
sensor act as a mass, spring, and damper system. Here we have also assumed that the cell response
depends on contact velocity using the kelvin-voigt model (Figure 3). The effective spring constant of the

oscillator and sensor is a function of the geometry of the beam structures and Young’s modulus of silicon

(E):

B 4Ehw?3
L3 +L,S

where E = 130 GPa along the <1 0 0> crystalline plane in silicon [136] and spring height (h), width (w),

and segment lengths (L, and L,), are given in the Figure 4.
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Figure 3. Simplified model of MEMS oscillator and sensor.
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Figure 4. Geometry of the beam spring system (left) oscillator comb drive (right).

Comb drive actuators consist of interdigitated finger structures, where one comb is fixed and the other is
connected to a compliant suspension. Deflection of these movable comb structures is driven by applying a
voltage potential across the comb pair to generate an attractive electrostatic force; displacement is sensed

by measuring a change in capacitance. The capacitance (C) is a function of displacement (), where N is



the number of comb pairs, x is the perpendicular distance of the gap spacing, « is the dielectric constant of

the medium, and e is the permittivity of free space.
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The electrostatic force (F) increases with decreasing gap spacing and an increasing number of comb

fingers. The force as a function of the applied voltage (V) and displacement is described by:
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where A is the overlapping comb area.
The total force in the ¢ direction is given by:
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where 8 is the array angle and L, is the neutral position comb overlap distance.

Device fabrication

We design our fabrication process so that our hybrid MEMS-microfluidic device will be optically
transparent for visual observation of device performance (Figure 5). We thus fabricate our MEMS device
on glass; the PDMS microfluidic device is thereafter aligned and bonded to the MEMS-glass substrate.

Devices are fabricated from a Pyrex 7740 borosilicate glass wafer of thickness 500 um, and a low
22



resistance (0.005-0.030 Q-cm p-type silicon wafer of <1 0 0> orientation that has been thinned after
anodic bonding until the silicon thickness is 50 um (Plan Optik). To define the electrical contact layer, 8.5
nm of chromium and 392 nm of gold are deposited on the silicon side by electron beam evaporation
(CHA Solution Electron Beam Evaporation System). Onto this substrate, we spin-coat a 1.2 um-thick
layer of SPR 700-1.2 photoresist (Megaposit Shipley); patterning is achieved by UV exposure using a
Karl Suss MAG optical aligner. The metal layers are selectively etched in gold etchant (Gold Etchant TFA)
for 3 minutes and in chrome etchant (CR-7S, Cyantek) for 45 seconds. Next, 1.2 um of SiO; is deposited
by plasma-enhanced chemical vapor deposition (PECVD) (Georgia Institute for Electronics and
Nanotechnology) for use as a hard mask during deep reactive ion etching (DRIE). A 1.2 um of SPR 700-
1.2 photoresist is spin coated over the oxide mask and patterned by contact photolithography. We use
conventional reactive ion etching (RIE) performed in an Oxford 80 RIE to etch the SiO, hard mask
(Figure 6). Individual dies are separated by wafer dicing and mounted to carrier wafers using Crystalbond
509 (Electron Microscopy Sciences). Finally, the silicon layer is etched to the underlying glass substrate
by DRIE in a Unaxis Versaline Fast DRIE. After etching, the devices are removed from the carrier wafer
with acetone, and the devices are released using 49% hydrofluoric acid (KMG Chemicals), which also
removes any remaining SiO, hard mask. After release, the device is rinsed in water and in methanol, and

then dried using a critical point drier (Tousimis 915B).
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Figure 5. Schematic overview of MEMS fabrication procedure.

(a) A <10 0> silicon wafer is bonded to a glass wafer and polished to 50um, (b) Cr/Au electrical contacts are deposited, (c)
DRIE is used to etch the device, followed by an HF bath to release the hanging structures. (d) A PDMS cap is aligned and bonded

to the glass to encapsulate the MEMS device in the microfluidic channels.

To fabricate the master mold for the PDMS device channels, we spin coat SU-8 photoresist (Microchem
Corp) onto a silicon wafer per the manufacturer’s instructions. To accommodate the features of our
MEMS device, we fabricate a two level SU-8 master. The first layer of SU-8 2050, thickness ~50 pum,
forms the bulk of the channels, with additional clearance around the oscillating portions of the device
provided by an additional ~10 um thick layer of SU-8 2010. Channel heights are confirmed using a
profilometer. Prior to molding with PDMS, the master is run on a descum cycle in the plasma asher
(Matrix 105 Downstream Asher) in order to remove small amounts of residual photoresist. To mold the
PDMS device, we use Sylgard 184 (DOW corning) mixed with crosslinker at a 10:1 ratio and poured over
the master. After degassing under vacuum, the PDMS is baked for two hours at 65°C. After baking, the
PDMS is carefully peeled from the master. Channel inlets and outlets are excised using a biopsy punch
(Harris Uni-core). For channels that serve as electrical vias, we use a 1.5 mm punch, for fluidic channels,

we use a 0.75 mm punch, which interfaces with standard PE-20 tubing.
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Figure 6. Scanning electron micrograph of the MEMS actuator fabricated by

micromachining low-resistivity silicon bonded to glass.

To activate surfaces for bonding, we place the MEMS device and PDMS cap in a UV-ozone cleaner
(Jelight Model 42) for 5 minutes. Immediately thereafter, we quickly align both surfaces using a custom-
made alignment jig (Figure 7), and place the hybrid device into an oven for 30 minutes at 80°C. We dip
copper wires in molten 52In48Sn to coat the ends, and place them into the holes punched for electrical
vias after the device is placed on a hot plate at 150°C. After removing the device from the hot plate, UV-

curable epoxy (Loctite 352) is used to secure the wires in place.
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Figure 7. Setup to align the PDMS channels to the MEMS portion of the device.

The MEMS device is placed on the micromanipulator, and the PDMS is reversibly adhered to
a glass plate (not shown), which is inverted through the hole in the top plate. After alignment

is performed and contact is made, the glass plate is lifted and the device is baked.

Challenges associated with assembling the MEMS device

The presence of a MEMS device on the glass substrate complicated the bonding of the PDMS cap.
Attempts with using corona discharge to bond PDMS to glass [128] damaged the silicon features, making
the device useless. Different recipes were tried on an RIE machine (Oxford Plasmalab 80+ RIE system),
in which the device is pumped down in vacuum and plasma treated with Oxygen plasma. Bonding with
the RIE system was poor; we speculate this could be due to charging effects from the large exposed gold
pads on insulating substrate. We found that a UV-ozone cleaning system (Jelight Model 42) provided
good bonding without damaging the silicon structures or requiring a vacuum. Though we are usually able
to align and bond the devices in about five minutes, we find that the bonding is strong even when

alignment takes upwards of ten minutes after UV-ozone treatment [129].

Another challenge was the alignment of the PDMS channels and the MEMS device during bonding,

especially since it needs to be carried out within a few minutes of treatment for bonding to occur. Since
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the tolerances are tight, on the order of 10 um, and do not allow for alignment by hand, we fabricated an
alignment jig to facilitate rapid alignment after bonding treatment. This jig features a micromanipulator
(Newport RSP-1T and M-MT-AB?2) that allows for alignment in all three axis and rotationally. Alignment
is carried out under a stereo microscope. After bonding, the PDMS cap is placed channel-side-up on a
glass plate and reversibly adheres, while the MEMS device is placed on the micromanipulator. The pieces
are aligned and brought into contact, then the glass plate is lifted and the device is baked. We verified the
bonding strength by punching only a single fluidic via in the PDMS cap and bonding it to a glass slide or
silicon wafer, then pressurizing the device. We were unable to delaminate the device, even when the

pressure reached 13 psi, the highest our setup can supply.

2.3 Materials and methods

Cell culture and transfection

Ovarian cancer cells (HEYA8, OVCARS) are cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% of penicillin/streptomycin. Cells are grown under
standard conditions at 37°C and 5% CO,. MiR mimics and scrambled (SCR) negative controls are
transiently transfected at 24 nM using Lipofectamine 2000 in serum-free OptiMEM medium, followed by
the addition of 10% FBS after 4 hours in serum-free conditions. All assays are performed 72 hours post

transfection.

Scratch wound invasion assay

To measure cell invasive potential, cells are seeded on 30 pg/mL collagen-coated 96-well microplates at a
density of 27,000 cells per well. After overnight culture at 37°C with 5% CO,, scratch wounds are
generated on the confluent cell monolayer using sterile P1000 pipette tips and washed with PBS to
remove debris and to prevent dislodged cells from settling and reattaching. We prepare collagen gels on
ice immediately prior to use by diluting collagen type I (rat tail collagen I, Corning) in RPMI 1640
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medium with 50 uM of the MMP-inhibitor, GM6001 (Santa Cruz Biotechnology), to a final concentration
of 1 mg/mL collagen, 0.1 M NaOH is added to bring the pH to 7.4. Thereafter, 50 uL of collagen solution
is added to each well and incubated at 37°C for 1 hour, followed by the addition of 200 pL of culture
medium with 50 uM GM6001. To confirm reduced MMP activity, we measure total protease activity
using 25 pL of 20 uM fluorogenic peptide substrate in 75 pL of conditioned media after 72 hours of cell
culture (ES010, R&D Systems), followed by a 30 min incubation. Levels of fluorescence associated with
hydrolysis of quenched fluorogenic peptide substrates are measured at 320 nm excitation and 405 nm
emission. Images of the scratch wounded cells are acquired every 2 hours using an ORCA-R2 Digital
CCD camera (C10600, Hamamatsu) mounted on an automated Zeiss Axio Imager Z1 microscope
equipped with a 5x objective (N-Achroplan 5x/0.13, Zeiss) and temperature controlled environmental
chamber set to 37°C. We analyze images using ImageJ software to determine the percentage of wound
closure, or relative invasion, where w(t) is the area covered by cells at time t,

w(t) —w(0)
Total Image Area — w(0)

% Relative Invasion = 100 -

Scanning electron microscopy imaging

Collagen gels are fixed in 2.5% glutaraldehyde solution (0.1 M sodium phosphate buffer, pH 7.2) for 2
hours at room temperature, followed by post-fixation in 1% osmium tetroxide (0.1 M sodium phosphate
buffer, pH 7.2) for 1 h at room temperature. Samples are then dehydrated using a graded ethanol series
(30%, 60%, 80%, 100% ethanol, for 10 min each), critical-point dried (Tousimis), sputter-coated with 1-2

nm of gold (Denton), and imaged by scanning electron microscopy (JEOL).

MRNA/mIR isolation and quantitative polymerase chain reaction

Relative gene expression levels are measured using the Applied Biosystems 7300 Real-Time PCR System.
Briefly, total RNA is extracted from cells using the miRNeasy Mini Kit (Qiagen) following the

manufacturer’s protocol. RNA purity and concentration are measured using a ND-100 Nanodrop
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spectrophotometer (Thermo Scientific). Total RNA is reverse transcribed (High Capacity cDNA Reverse
Transcription Kit, Applied Biosystems) using 500 ng of RNA for each 20 pL reaction. We perform real-
time polymerase chain reaction (qQRT-PCR) using TagMan Gene Expression Assays (Applied Biosystems)
in a final volume of 20 pL containing 4 ng of template. Expression levels are normalized to levels of 18S
and calculated as fold change (27““T) with respect to the scrambled negative control samples. To obtain
absolute quantification of miR levels, we use droplet digital PCR (Bio-Rad). Purified RNA is
polyadenylated using poly-A polymerase (New England Biolabs) following the manufacturer’s protocol
and reverse transcribed using the iScript Select cDNA Synthesis Kit (Bio-Rad). We measure the number
of miRs detected in 2 ug of RNA for samples with low levels of miRs and 50 ng of total RNA for the
samples with miR overexpression. Each 20 pL reaction containing 1x EvaGreenSupermix (Bio-Rad), 1x
gene specific primers, and 4 uL of cDNA is partitioned into droplets using the QX200 droplet generator
and then transferred to a 96-well plate for PCR amplification using a thermal cycler. After PCR, droplets
are analyzed on a QX200 droplet reader to measure the target miR concentrations. We calculate the
average miR copy number per cell based on the quantity of RNA extracted from ~10° cells from three

independent experiments.
Predicted miR targeting

To clarify the molecular basis of the mechanotype changes observed with miR overexpression, we
identify predicted tumor-suppressor miR targets that are implicated in regulating the mechanical
properties of cells, including genes that encode for both structural and signaling proteins that regulate
cytoskeletal structure and dynamics. We score genes as potential miR targets using three sets of binding
site predictions: TargetScan (v7.1) [27], miRmap (201301e) [28], and miRanda-mirSVR [29], for
mirSVR, we use target site predictions with ‘good’ scores for conserved miRs (miR-130b-3p) and for
non-conserved miRs (miR-508-5p, miR-508-3p, miR-509-5p, miR-509-3p). We consider predicted
targets that are in the top 50th percentile of scores for each method. Because a 3° UTR can have more

than one predicted binding site for a mature strand of a given miR, we use a percentile based on the sum
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of scores of all predicted sites for a mature strand on a 3’ UTR. The total percentile scores reflect the
expected effect of a miR in reducing a transcript's abundance, reporting percentiles facilitates comparing

scores among methods.

Parallel microfiltration

To measure the ability of cells to deform through micron-scale pores, we use a parallel microfiltration
(PMF) device [137] with polycarbonate membrane filters of 10 um pore size (Millipore). To minimize
cell-surface interactions, membranes and loading wells are treated with 1% bovine serum albumin (BSA)
in deionized water for 1 hour at 37°C. Transfected cells are trypsinized at 72 hours post transfection,
filtered through 35 um filters to minimize cell clusters, and resuspended to a final concentration of 9 x 10°
cells/mL in culture medium prior to loading. We determine the density of the cell suspension using an
automated cell counter (TC20, Bio-Rad), these measurements also confirm that the majority of cells are
single cells >88% (N=2) (Supplementary Material Figure 3a,b). To measure cell deformability using
PMF, we apply a uniform air pressure of 7 kPa or 14 kPa for 45 seconds, collect the samples retained in
the top wells, and calculate Percentage Retention = (m¢ / m;)x100%, where m; is the mass of cell
suspension loaded and my is the mass remaining in the top well after filtration. Percentage retention
depends on the driving pressure, the cell size relative to the pore size, and the intrinsic cell mechanical

properties [78,113,137].

Microfluidic device fabrication and operation

For microfluidic deformation experiments, we use standard soft lithography techniques to fabricate
polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning) devices. To probe cell
deformability, we use a device design as previously described [138]. In brief, a master mold of the device
is patterned from photoresist onto a silicon wafer. PDMS is molded onto the wafer and cured at 65°C for
4 hours, then removed, cleaned, and covalently bonded to glass coverslips after exposure to oxygen

plasma. To minimize surface adhesion, we add 0.1% v/v F-127 surfactant (Invitrogen) to cell suspensions.
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We use an applied pressure of 28 kPa to drive cells in suspension through the device constrictions. The
resulting cell deformations are imaged using a high-speed camera (Phantom Miro EX1, Vision Research)
mounted on an inverted light microscope (Zeiss) equipped with a 20x objective (20x/0.40 Ph2 Corr, LD
Achroplan, Zeiss). Images are analyzed using a custom algorithm in Matlab (Mathworks) to extract cell
size, which is determined before each cell enters the constriction, and transit time, stiffer cells tend to

have longer transit times [82,83,109,113].

Imaging cells and subcellular structures

To visualize F-actin and determine cell/nuclear size, we image cells in suspension using the ImageStream
multispectral imaging flow cytometer (Amnis Corporation). Cells are fixed in 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100. After blocking, cells are incubated with Alexa Fluor 488-
phalloidin (Thermo Scientific), followed by DRAQ5 nuclear stain (Thermo Scientific). We measure
morphological features such as cell size, nuclear size, and cortical-to-intracellular F-actin levels using the
ImageStream Data Analysis and Exploration Software (IDEAS) (Amnis Corporation). To assess the
distribution of F-actin, we determine the ratio of cortical-to-intracellular F-actin levels, where the cortical
F-actin is measured by the average pixel intensity within 0 <7 pixels (0 < 3.5 um) from the boundary of
the cell, and intracellular F-actin is measured by the average pixel intensity within the internal region that
is >3.5 um from the boundary of the cell. Cell and nuclear sizes are determined by measuring the
projected area and extracting the diameter assuming a perfect circle. To visualize F-actin in adhered cells,
cells are seeded on collagen-coated glass slides, fixed with 4% paraformaldehyde, and labeled with Alexa
Fluor 488-phalloidin. We perform confocal imaging using the Zeiss Laser Scanning Microscope (LSM 5
Exciter) equipped with a 63x objective (63x/1.2 W Korr UV-VIS-IR, C-APOCHROMAT, Zeiss), and
argon ion (488 nm) and helium-neon lasers (633 nm) for excitation. We measure the total integrated
fluorescence intensity of F-actin for individual cells using ImageJ and determine the fold-change

fluorescence relative to the SCR treatment.
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3 Tumor-suppressor MicroRNAs Regulate Ovarian
Cancer Cell Physical Properties and Invasive

Behavior

3.1 Introduction

High-grade serous ovarian cancer (HGSC) is the most lethal gynecologic cancer in the United States
[139]. Most patients initially respond to platinum and taxane-based treatments, but subsequently develop
chemoresistance, the five-year survival rate is only 44% [139]. The critical need for successful treatment
strategies motivated the Cancer Genome Atlas (TCGA) Network to catalog the genetic alterations in ~500
HGSC samples [140]. Through computational analysis of TCGA data, we identified a panel of
differentially expressed microRNA mature strands (‘miRs’: miR-508-3p, miR-508-5p, miR-509-3p, miR-
509-5p, miR-130b-3p), for which higher levels of expression are associated with longer survival in HGSC
patients [141]. Improved survival can be associated with reduced metastasis and decreased invasion of
cancer cells. Our previous work shows that overexpression of tumor-suppressor miR-509-3p in human
ovarian cancer cell lines impedes invasion through Matrigel matrices [141]. Furthermore, downregulation
of miR-130b-3p is associated with cancer progression and multidrug resistance in ovarian cancer [142].
While miRs such as miR-509-3p impact proliferation and cell signaling behavior [143,144], which could
influence metastatic dissemination and growth of cancer cells, the invasion and migration of cancer cells
from a primary tumor involves physical and mechanical processes. Detailed biophysical investigations at
the single cell level could thus deepen our understanding of how elevated levels of tumor-suppressor

miRs may result in clinical benefits.
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During cancer progression, tumor cells undergo changes in their physical properties, including their
deformability and adhesion, which can contribute to their altered motility and invasive behavior
[3,87,145]. Such physical properties are relevant for understanding how cells deform through narrow gaps
in the circulatory system, which is required for metastasis [146], they are also essential for invasion
through the extracellular matrix (ECM), connective tissue, and endothelial linings of blood or lymph
vessels [147]. The ECM is composed of glycoproteins, proteoglycans, and fibrous proteins such as
collagens [148], which form a network with gaps or pores that range in diameter from 10 nm to 5 pm
[149-151], increased cell and nuclear volume is correlated with reduced invasion of breast cancer cells
through in vitro collagen gels [152]. To overcome the physical constraints imposed by ECM barriers,
cells secrete proteases, such as matrix metalloproteases (MMPSs), which can increase the size of gaps
between neighbouring fibers [153-155]. Many types of tumor cells are also more deformable compared to
benign cells [29,76,156], and cell mechanical properties are associated with invasion efficiency
[152,157,158]. Compared to less deformable ovarian tumor cells that have a higher Young’s modulus or
decreased compliance, cancer cells that are more deformable tend to move more quickly through the gaps
of in vitro transwell migration and invasion assays [157,158]. Considering the large deformations
required during extra- and intravasation as well as invasion into surrounding tissues, changes in the size
and deformability of single tumor cells could play a functional role in disease progression. We
hypothesize that altered cell physical properties may reduce cell invasion, and thereby contribute to the

improved prognosis, which is associated with higher levels of tumor-suppressor miRs.

To determine the effect of tumor-suppressor miRs on cancer cell physical properties, we overexpress a
panel of five miRs (miR-508-3p, miR-508-5p, miR-509-3p, miR-509-5p, miR-130b-3p) in human ovarian
carcinoma cells (HEY A8, OVCARS) using miR mimics for each. We characterize the ability of cells to
invade through collagen matrices in the presence of an MMP-inhibitor, the inhibitor limits matrix
degradation and enhances the extent to which cells must deform to move through the steric constraints of

collagen gels. To determine cell deformability, we drive cells to passively deform through micron-scale
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pores using microfluidic deformation [83,138] and parallel microfiltration (PMF) [137] assays. To gain
insight into the molecular basis of the effects of tumor-suppressor miRs on cell physical properties, we
identify predicted miR-mRNA targets that encode structural or signaling proteins that regulate cell
mechanical properties, we also verify transcript levels of selected predicted targets. Through analysis of
miR-mRNA interactions, our results show that these tumor-suppressor miRs are predicted to target genes
that are implicated in the structure and remodeling of the actin cytoskeleton. By imaging cells in both
suspended and adhered states using imaging flow cytometry and confocal microscopy, we observe
increased levels of filamentous actin (F-actin) with miR overexpression, and a strong inverse correlation
between invasive potential and F-actin levels in adhered cells. Taken together, our results reveal that these
five tumor-suppressor miRs that reduce cell invasive behavior are implicated in the structure and
remodeling of the actin cytoskeleton. Our findings also identify novel proteins for future study that may
potentially serve as new druggable targets that play a role in ovarian cancer cell invasion and disease

progression.

3.2 Results and discussion

In our previous work, we show that higher expression levels of the tumor-suppressor miRs, miR-508-3p,
miR-508-5p, miR-509-3p, miR-509-5p, miR-130b-3p, in human ovarian tumors correlate with improved
patient prognosis and can discriminate improved survival in HGSC patients [141](Gunaratne et al.,
submitted). Here, to obtain fold-change increases in miR levels that are similar to the increased levels
between cancer patients at early versus advanced stages of disease [159,160], we transiently transfect

miRs into HEY A8 and OVCARS ovarian cancer cells.

Quantification of miR expression levels

To determine how the fold-change increase in tumor-suppressor miRs with overexpression relates to
clinical contexts, we first measure endogenous levels of miRs in HEYA8 and OVCARS cells using
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droplet digital PCR (Figure 8). Our analysis reveals that these tumor-suppressor miRs have endogenously
low copy numbers in the non-treated cells. For example, in HEYAS8 cells, miR-130b-3p is present at ~ 1
copy per cell, while miR-508-3p, miR-508-5p, miR-509-3p, and miR-509-5p are even less abundant,
ranging from 10 to 107 copies per cell (Figure 8a). Overall, the OVCARS cells show similar
endogenous levels of miRs compared to the HEYAS8 cells (Figure 8b). Following transient transfection of
these miRs, expression levels in HEYAS8 increase by up to 5 orders of magnitude up to 20 to 120 copies
per cell 72 hours after transfection. The cells treated with miR-508-3p show the largest fold-increase of
~10°, while levels of miR-130b-3p increase by ~10%fold. For OVCARS, we observe up to a ~10* fold-
increase in miR levels, with 50 to 160 copies per cell 72 hours after transfection. Across the panel of
tumor-suppressor miRs, we observe on average a 10*-fold increase in miR levels. These transient
transfections generate changes in the levels of tumor-suppressor miRs that are similar to those observed in
clinically relevant contexts. For example, miR-508-3p, miR-509-3p, and miR-509-5p are less abundant
by ~10to 10°-fold in ovarian cancer patients with stage 111 versus stage | disease [159], and miR-508-3p
and miR-508-5p are ~10 to 10°-fold less abundant in metastatic serous epithelial ovarian tumors than in

primary tumors [160].

10°L = Control HEYAS 10° - I Control OVCARS

B Overexpression I Overexpression

miRNA copies per cell
miRNA copies per cell

107+

10
508-3p | 508-5p | 509-3p | 509-5p | 130b-3p 508-3p | 508-5p | 509-3p | 509-5p |130b-3p

Figure 8. Quantification of miR levels using droplet digital PCR.
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MiR copy number in negative control and miR-overexpressing samples 72 hours after transfection with tumor-
suppressor miRs. Data is shown for (a) HEY A8 and (b) OVCARS cells. The average numbers of miR copies per cell
are calculated based on the quantity of RNA extracted from ~10° cells. Error bars show the standard deviation of N=2

independent experiments.

MiR overexpression hinders cell invasion through collagen matrices

To deform through gaps of the ECM, invading cells undergo major changes in shape that are associated
with cytoskeleton remodeling. The magnitude of cell deformation required to pass through narrow pores
depends on the ECM network mesh size and mechanical properties of the fibrous proteins. To determine
the extent to which elevated levels of miRs hinder cell invasion through an ECM, we perform invasion
assays using a type | collagen matrix (Figure 9a), which is the most abundant structural component of the
ovarian ECM [161]. Scanning electron microscopy (SEM) of the 1 mg/mL collagen gels that we use in
our invasion assay reveals that the average gap size is 0.5 to 2 um, this is significantly smaller than the 23
to 25 pum median diameter of cells overexpressing the tumor-suppressor miRs. Invading tumor cells can
also increase the matrix gap size by secreting proteases that degrade collagen. Indeed, elevated levels of
several MMPs, including MMP-2 and MMP-9, in ovarian cancer cells are associated with increased
invasive potential, and with poor survival of ovarian carcinoma patients [162—-164]. To reduce the
potential role of matrix degradation and thereby enhance the requirement for cells to deform during
invasion, we treat cells with the broadband MMP inhibitor, GM6001, which suppresses the invasion of
cells through type I collagen matrices [165]. We confirm that GM6001 decreases protease activity in
conditioned medium taken from cell culture 24 hours after treatment with GM6001 (Supplementary

Material Figure 1).

Over the 24-hour invasion time course, the HEY A8 mock and SCR-treated control cells show progressive
closure of the scratch wound. We observe no significant differences between mock and SCR-treated cells
(94%, 83% relative invasion respectively, p = 0.33). By the endpoint of 24 hours, the wound is nearly
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completely healed, with 83 to 94% wound closure (Figure 9b,c). By contrast, HEYAS8 cells
overexpressing miR-508-3p, miR-509-3p, and miR-130b-3p show a marked reduction in wound closure
(41%, 10%, 31% relative invasion respectively, p < 0.001). Cells with elevated levels of miR-509-5p also
show significantly reduced invasion compared to the mock and SCR cells (63% relative invasion, p <
0.001). Across our miR panel, we observe a significant decrease in wound closure rate with
overexpression of all miRs except miR-508-5p. Compared to the HEY A8 cells, OVCARS cells show
reduced invasion of the mock and SCR controls (34 to 36% relative invasion, p < 0.001). The more rapid
invasion of HEY A8 cells compared to OVCARS is consistent with the mesenchymal phenotype of the
HEY A8 cells versus the epithelial-like OVCARS cells, cell become more motile during epithelial-to-
mesenchymal transition (EMT) [166]. Only miR-509-3p shows a significant decrease in wound closure
and speed of the wound front in both cell lines (Supplementary Material Figure 2) (p < 0.001 in each cell
line). The reduced invasion of miR-509-3p-overexpressing cells through collagen matrices is consistent
with previous results showing decreased invasion of ovarian cancer cells through Matrigel [141], as well
as reduced migration of human epithelial lung cancer and renal cancer cells in scratch wound assays
[143,144]. Our results are also in agreement with other studies that show reduced invasion with miR-508-
3p in gastric cancer [167] and renal cancer [143], and reduced invasion with overexpression of miR-130b-

3p in pancreatic cancer [168].
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Figure 9. Effect of miR overexpression on cell invasion through a collagen matrix.

(a) Scratch wound assay where cells invade through a collagen gel. The upper panel shows a top view of the scratch, the
cells on right and left sides invade into this wounded region, which is overlaid with a collagen gel. Scale, 200 um. The
bottom panel shows a scanning electron micrograph of the fibrous structure of a 1 mg/mL collagen gel. Scale, 1 pm.
(b,d) Invasion time course for HEYA8 (N=3) and OVCARS (N=3) cells in 1 mg/mL collagen type I in the presence of a
protease inhibitor, 50 uM GMG6001. (c,e) Relative invasion of HEY A8 and OVCARS cells at 24 hours for different miR
treatments. One-way ANOVA with a Tukey post hoc test: *** (p < 0.001), ns (p > 0.05), compared to the scrambled

control treatment (SCR). All error bars show the standard error of the mean.

Elevated levels of miRs alter cell physical properties

To determine the effect of elevated levels of tumor-suppressor miRs on cell deformability, we perform a
microfluidic deformation assay that enables us to measure both the size and transit time of single cells as
they deform and pass through a micron-scale channel. In this assay, the time for transit exhibits a strong
dependence on cell deformability, with cells that are more compliant having shorter transit times than

stiffer cells [78,82,109,169,170]. Transit time also shows a weak dependence on cell size [109,171],
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however, larger cells get filtered out in the upstream filter region of the device and we further size-filter
the data to compare the transit times for cells of similar sizes across our miR panel (Figure 10b). Both
HEYAS8 and OVCARS cells that overexpress miR-508-3p, miR-508-5p, and miR-130b-3p have
statistically significant longer transit times compared to the mock and SCR controls (Figure 10c,d). For
miR-508-3p, we observe the longest median transit time in HEYAS8, and also an increased median transit
time for OVCARS8 compared to SCR (~8x longer median transit time for HEY A8, 2x for OVCARS) (p <
0.001). For the OVCARS cells, we find a ~3x increased median transit time with overexpression of miR-
130b-3p compared to the SCR cells (p < 0.001). We find a similar 2x increase in median transit time for
both cell lines with overexpression of miR-509-3p compared to SCR control cells (OVCARS, p = 0.002,
HEYAS, p = 0.06). Our results also show a 3x increased median transit time with overexpression of miR-
509-5p in HEYAS8 cells (compared to SCR, p < 0.001), but no significant change for OVCARS cells (p =
0.87). Overall, our results show that overexpression of tumor-suppressor miRs results in an increase in

transit time, indicating that cells overexpressing these miRs are less deformable.

To confirm measurements of cell deformability using an independent assay, we use parallel
microfiltration (PMF) [137]. In PMF, a bulk suspension of cells is filtered through a membrane with 10
m pores in response to applied air pressure (Figure 11a). We measure the percentage retention by
determining the fraction of sample volume that is retained in the top loading well after applying pressure
for a defined period of time. Cells that are less deformable are more likely to occlude the pores, resulting
in higher retention, a larger cell size could also increase retention. Given the potential confounding effects
of size on filtration, we display our retention data together with cell size distributions (Figure 11b-e). We
observe that cells overexpressing different miRs exhibit similar cell size distributions, with median sizes
that are within + 2 um (Figure 11b-e, Supplementary Material Table 1, Supplementary Material Figure
5a), suggesting that differences in retention are not strongly influenced by cell size but instead reflect

differences in cell deformability among the different miR treatments.
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Transfected HEY A8 cells that overexpress tumor-suppressor miRs consistently show a retention that is
~30 to 40% higher than the mock and SCR controls after 45 seconds of filtration through 10 pum pores at
7 kPa (p < 0.001) (Figure 11b). To resolve differences in retention between cells with different miR
treatments, we increase the applied pressure. At a driving pressure of 14 kPa, we observe that the mock
and SCR control samples completely filter through the membrane on the experimental timescale, this is
consistent with our PMF results at lower pressure, where mock and SCR exhibit the lowest retention,
indicating these cells are the most deformable (Figure 11c). HEYAS8 cells that overexpress tumor-
suppressor miRs show higher retention at 14 kPa, reflecting that more of these cells occlude the 10 pum
pores even at this higher driving pressure. Cells with elevated levels of miR-508-3p and miR-509-3p
show the highest retentions (92 £ 5% and 83 + 5% respectively) compared to the other miR treatments (p
< 0.001), while retention of miR-508-5p (59 + 5%), MmiR-509-5p (39 + 5%), and miR-130b-3p (56 + 5%)
overexpressing cells is still significantly higher than the control samples at this increased driving pressure
(Figure 10c) (p < 0.001). By contrast, OVCARS cells show higher levels of retention than HEY A8 at the
same pressures, this is consistent with the more invasive HEY A8 cells being more deformable. For
OVCARS cells at 14 kPa driving pressure, we observe higher retention for miR-508-3p (82 = 11%), miR-
509-5p (86 + 6%), miR-130b-3p (80 + 8%) compared to the mock and SCR (p < 0.001), but no significant
change in retention for cells treated with miR-508-5p (p = 0.9) and miR-509-3p (p = 0.9). Overall, we
find that miR-508-3p results in the largest increase in retention in both HEYA8 and OVCARS cells.
Overexpression of miR-509-5p and miR-130b-3p also result in consistently higher retention relative to

the SCR control in both cell types.

The results of these complementary filtration and microfluidic methods to measure cell deformability are
in good agreement. Overexpression of miR-508-3p in both HEY A8 and OVCARS causes increased
retention and transit time, reflecting decreased cell deformability. While both methods probe the ability of
cells to transit through micron-scale pores, we do not observe the same trends for all miRs, this could

reflect differences in the readouts for the bulk (PMF) versus single cell (transit time) deformability assays
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(see supplemental note for further discussion). For example, overexpression of miR-509-3p in HEY A8
cells results a slight shift to increased transit times, but a statistically significant increase in retention

compared to SCR cells, this could result from occlusion due to the longer-transiting cells.
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Figure 10. Cells that overexpress tumor-suppressor miRs have longer transit times through microfluidic constrictions.

(a) We apply air pressure of 28 kPa to drive cells through a polydimethylsiloxane (PDMS) microfluidic device with
constrictions that have a width of 7 um and height of 10 pm, the constriction diameter is approximately half the median cell
size of 23 to 25 um. Cell deformations are imaged using a high-speed camera and analyzed using a custom image processing
algorithm to extract the time for each cell to transit through the first constriction (C1). Micrographs show a representative
HEY A8 cell that has a transit time of 42.9 ms. Scale, 10 um. (b) Density scatter plot showing relationship between cell size and
transit time for n=889 individual SCR-treated HEY A8 cells. The shaded grey region indicates cells with an apparent diameter
of 13-15 um, we apply this size filter to compare cells of similar sizes across the miR panel. An upstream filter minimizes
larger cells and cell aggregates from entering the constriction region. (c,d) Distributions of transit times for HEY A8 and
OVCARS cells treated with tumor-suppressor miRs. Each panel displays the number of cells per sample, which are compiled
over N=2 independent experiments. Horizontal lines denote medians, boxes represent the 25th and 75th percentiles, and
whiskers show the 10th and 90th percentiles. SCR = scrambled control. Mann-Whitney test: ns (not significant), *** (p <

0.001), ** (p < 0.01) compared to the SCR treatment.
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Figure 11. Cells that overexpress tumor-suppressor miRs show decreased filtration through a porous membrane.

(a) Schematic of the parallel microfiltration (PMF) setup. Figure adapted from [137]. A cell suspension is driven to
flow through a membrane with 10 um pores by applying air pressure across the multiwell device, a larger number of
occluded pores results in increased retention. Percentage retention as a function of the cell-to-pore size ratio, after 45
seconds of filtration of (b,c) HEYAS8 and (d,e) OVCARS cells with applied pressures of (left) 7 kPa and (right) 14 kPa.

Data is from N=3 independent experiments. Violin plots show cell size distributions, crosses denotes the average

retentions and median cell sizes.

Prioritizing genes of the mechanome that are implicated in cytoskeletal structure and
dynamics

To determine the mechanisms through which the miRs in our panel could be inducing changes in cell

physical properties, and ultimately invasive behavior, we determine predicted targets of miRs that could
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be implicated in cell mechanical properties. We prioritize genes that encode major cytoskeletal proteins
(such as vimentin), proteins that interact with components of the cytoskeleton (actin crosslinkers like
filamin A), as well as proteins that regulate cytoskeletal organization (NF-kB). We assess the probability
of miR-gene targeting that influences mMRNA transcript levels using three independent and favourably
ranked [172] sets of binding site predictions: TargetScan (v7.1) [27], miRmap (201301e) [28], and
miRanda-mirSVR [29]. To enable comparisons of the predictions from each resource, we assess the
binding site scores as percentiles with values between 0 and 1, and report only genes that are in the top
50th percentile of targets for all three resources, or are validated targets (Figure 12a). Below, we
summarize predicted and validated targeting that is relevant for the effects of our tumor-suppressor miRs

on cell deformability.

mMiR-508-3p. NFKB1, which encodes the protein NF-kB, is a predicted target of miR-508-3p
(TargetScan = 0.96, mirSVR = 0.90, miRmap = 0.82). This miR is validated as inactivating canonical NF-
kB signaling in gastric cancer cell lines and primary tumors [167,173,174]. NF-kB disrupts tissue
organization and cellular morphology, it is a regulator of genes involved in actin organization and cell
adhesion in breast cancer cells [175]. Another predicted target of miR-508-3p is leupaxin (LPXN)
(TargetScan = 0.97, mirSVR = 0.73, miRmap = 0.62), which is a member of the paxilin family of focal
adhesion proteins. Leupaxin directly affects cytoskeletal organization and dynamics through its

interaction with the actin-binding protein caldesmon (CALD1) [176,177].

miR-508-5p. ACTR2 is a highly-scoring predicted target of miR-508-3p (TargetScan = 0.99, mirSVR =
0.94, miRmap = 0.89), which encodes a major constituent of the ARP2/3 complex that is essential for

lamellipodial actin assembly and protrusion formation, both of which are implicated in cell motility [178].

miR-509-3p. Predicted targets of this miR include YAP1 (TargetScan = 0.96, mirSVR = 0.95, miRmap
= 0.97), which encodes the Yes associated transcription factor Yap1l that is implicated in regulation of

tissue tension, cell shape and migration [179]. The effects of Yapl on the actin cytoskeleton are regulated
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via the Rho GTPase, ARHGAP18, which suppresses F-actin polymerization by inhibiting RhoC [180]
and RhoA [181]. Recently we validated YAP1 as a direct target of miR-509-3p [141]. We also identify
ARHGAPL, the Rho GTPase-activating protein 1, as a potential target of miR-509-3p (TargetScan = 0.92,
mirSVR = 0.76, miRmap = 0.78), this protein also regulates assembly of F-actin [182]. While RAC1,
which is a member of the Rho family of GTPases, scores highly as a predicted target using only one
method (TargetScan = 0.99), it is a validated target of miR-509-3p [144]. Racl contributes to the
formation of membrane protrusions and cell-matrix adhesions that are essential in cell motility [183], and

is also overexpressed in several types of tumors [184-186].

miR-509-5p. The intermediate filament protein, vimentin (VIM), is a highly-scoring predicted target of
miR-509-5p (TargetScan = 0.97, mirSVR = 1.00, miRmap = 0.95). Vimentin is widely used as a
biomarker for mesenchymal-type cells. This protein is also observed to promote cell motility and increase
focal adhesion dynamics during epithelial to mesenchymal transition [187]. Depletion of vimentin also
results in reduced cell stiffness [188—-190]. MiR-508-5p also is predicted to target RHOC (TargetScan =
0.99, mirSVR = 0.66, miRmap = 0.77), which encodes a Rho GTPase protein that plays an important role
in cell motility [191,192]. RhoC expression positively correlates with cancer metastasis in melanoma and

breast cancer [191,193,194].

miR-130b-3p. The tumor-suppressor PTEN, encoding phosphatidylinositol-3,4,5-trisphosphate 3-
phosphatase, is a validated target of miR-130b-3p [195] that is also highly-scored as a predicted target
(TargetScan = 0.94, mirSVR = 0.87, miRmap = 0.95). Downregulation of PTEN promotes the motility of
fibroblasts through stimulation of Cdc42 and Racl activity [195-197]. Another predicted target of miR-
130b-3p is DIAPH3 (TargetScan = 0.67, mirSVR = 0.81, miRmap = 0.93), which encodes for
Diaphanous-related formin-3 (Drf3). Drf3 binds to profilin (PFN1) [198,199] and guides its downstream
effector, Cdc42, to the cell cortex where it plays a role in remodeling the actin cytoskeleton [200]. This

formin is essential in multiple processes that rely on actin polymerization, such as blebbing [201] and
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actin nucleation in the formation of cellular protrusions [202], it also localizes to stress fibers and
filopodia [203]. MiR-130b-3p is also predicted to target CALM2, the calcium-binding protein,
calmodulin (TargetScan = 0.99, mirSVR = 0.85, miRmap = 0.83). Complexes of calmodulin and Ca?*
bind to the actin-binding domain of filamin A, an actin crosslinking protein, dissociating filamin A from
F-actin, thereby dissolving gels of filamin A and F-actin [204]. The Rho GTPase-activating proteins 1
(ARHGAP1) and 12 (ARHGAP12) are also predicted targets of miR-130b-3p (ARHGAPL: TargetScan
=0.94, mirSVR = 0.76, miRmap = 0.90, ARHGAP12, TargetScan = 0.97, mirSVR = 0.79, miRmap =
0.95). Rho GTPase-activating proteins (GAPS) stimulate Rho GTPase activity and promote the
conversion of active GTP-bound proteins to the inactive GDP-bound state. In the activated state, Rho

GTPases regulate F-actin assembly and enhance stress fiber formation [205,206].
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Figure 12. Predicted effects of tumor-suppressor miRs on cytoskeletal structure and dynamics.

(a) Network showing predicted and validated miR targets and functionally-annotated protein-protein interactions for

structural and signaling proteins that are known to regulate the mechanical properties of cells. Predicted miR-mRNA

targets are determined using TargetScan v7.1, miRanda-mirSVR, and miRmap, all targets displayed have scores in the top

50th percentile of predicted targets for all three methods, except for RAC1, which is a validated target of miR-509-3p.



Experimentally validated direct miR-mRNA targets are denoted by dark blue lines. Diamonds represent miRs, circles
represent genes, and the ellipse represents actin, which exists as both monomers (G-actin) and filaments (F-actin). RHO
denotes RhoA, RhoB, and RhoC, which have high sequence homology [191,192,207] . While RHOC is a highly-scoring
predicted target of miR-509-5p, and RHOA is regulated by ARHGAP18 [181], the preferred substrates for other
RhoGTPase activating proteins are not fully understood. (b) Schematic illustrating regulation of the architecture and

dynamics of the actin cytoskeleton.

Expression of key mechanoregulating genes is altered by tumor-suppressor miRs

To experimentally confirm the altered expression of select candidate targets following miR
overexpression, we measure transcript levels at 72 hours post-transfection using real-time polymerase
chain reaction (QRT-PCR). We observe a significant increase in ACTA2 (smooth muscle a-actin) (2 to 6-
fold) following treatment with miR-508-3p, miR-508-5p, and miR-130b-3p in HEYAS cells (p < 0.01),
but no observable change following miR-509-3p overexpression (p > 0.05). Overexpression of miR-130b-
3p also reduces invasion and shows a ~2-fold increase of ACTA2 in HEYAS cells (p < 0.01). While miR-
508-5p also results in a similar ~2-fold higher expression of ACTA2 in HEY A8 cells (p < 0.01), a small
increase in transit time and retention (p < 0.01), we observe no significant effect on invasion (p = 0.4).
For OVCARS cells, only miR-130b-3p results in a significant change in ACTAZ2 levels (p < 0.001), in
contrast to HEYABS cells, there is a decrease in ACTAZ2 levels in OVCARS cells (p < 0.001). Smooth
muscle a-actin associates predominantly with stress fibers or microfilament bundles [208], and its
expression correlates with impaired motility in fibroblasts [209]. However, increased ACTAZ levels are
also associated with invasion in breast and lung cancer [210,211]. The role of -actin isoforms, which are
encoded by ACTB, in cytoskeletal organization and cell migration is less well understood, B-actin is
observed to accumulate in cellular protrusions involved in motility [212], while other studies report that
B-actin is predominately found in stress fibers and at cell-cell adhesions [213]. ACTB levels are not
significantly altered in HEYAS8 cells, but we observe a significant decrease with overexpression of miR-

508-3p (p < 0.01), MiR-509-3p (p < 0.001), and MiR-509-5p (p < 0.05) in OVCARS cells.
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In addition to actin, we identify VIM and YAP1 as predicted miR targets and regulators of cell
mechanical properties and mechanotransduction. With overexpression of miR-509-5p, we observe
decreased vimentin expression in both HEYAS8 (p = 0.07) and OVCARS cells (p < 0.001), these
observations are consistent with our target predictions (VIM: TargetScan = 0.97, mirSVR = 1.00,
miRmap = 0.95) (Figure 12). We also observe changes in vimentin levels with overexpression of other
tumor-suppressor miRs. For example, in HEYAS8 cells we observe a ~2-fold (p = 0.003) increase in
transcripts encoding for vimentin with miR-508-3p, by contrast, OVCARS cells exhibit a <2-fold
decrease in vimentin with miR-508-3p (p = 0.04), miR-509-3p (p = 0.003), and miR-130b-3p (p = 0.03).
Increased expression of vimentin is a marker for EMT, which is associated with disease progression [187],
however, the role of vimentin in cancer cell mechanical properties is not fully understood [189,214]. As a
cytoskeletal intermediate filament protein, vimentin can contribute to cell stiffness [188-190] and may
enable cells to resist large deformations: in vitro vimentin networks stiffen when deformed by large
stresses that can rupture actin networks [60]. Vimentin also binds to plectin which mediates interactions

of intermediate filaments with actin and microtubules [215-217] (Figure 12b).

YAPL1 is a predicted target of miR-509-3p (TargetScan = 0.96, mirSVR = 0.95, miRmap = 0.97), and a
transcriptional co-activator and oncogene that senses mechanical cues, intracellular tension [218,219], as
well as cell structure, shape, and polarity [218,220-222]. With miR-509-3p overexpression we observe a
significant ~5-fold downregulation of YAP1 in both HEYA8 and OVCARS cells (p < 0.001) (Figure 13).
We previously established YAP1 to be a direct downstream target of miR-509-3p [141]. There is also a
~2-fold downregulation of YAP1 with miR-508-3p treatment in OVCARS cells (p = 0.003) but no
significant change in HEYABS cells. Since Yapl is involved in mechanosensing and regulating
cytoskeletal tension [218,219], we speculate that this protein could influence the invasive behavior by
dynamically regulating cell deformability and traction forces as a cell migrates through narrow gaps.
However, the precise role of YAP1 in regulating the invasive potential and deformability of single cells

remains to be clarified.
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Figure 13. Expression of mechanoregulating genes is altered by overexpression of tumor-suppressor miRs.

Quantification of gene expression levels in miR-transfected (a) HEYA8 and (b) OVCARS cells relative to
the SCR negative control, as measured by gRT-PCR using the delta delta cycle time method (AACt) with
18S ribosomal RNA as an endogenous control. Error bars show standard deviations of N=3 independent

experiments.

Understanding the origins of altered deformability and invasive behavior

To further dissect the origins of the increased retention and transit times that we observe with transfection
of tumor-suppressor miRs, we identify genes associated with regulation of the cytoskeleton, which is a
key regulator of cell mechanotype [29,223]. The network shown in Figure 12a focuses on miRNA-mRNA
and protein-protein interactions, complementing this, the relevant molecular complexes and structures
that can determine cell physical properties are illustrated in the schematic shown in Figure 12b. Many of
the predicted and validated targets converge on regulation of the actin cytoskeleton. Actin is a major
cytoskeletal protein that has three main isoforms in mammalian cells: a-actins are a major component of
the contractile apparatus, while f and y-actins primarily regulate cell motility. These actin isoforms exist
as monomers (G-actin), which can polymerize to form filaments (F-actin) that play a key role in the
morphological changes and physical forces generated during migration [224,225]. The role of actin in

regulating single cell mechanical properties is well established [29,82,170]. Here we experimentally
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confirm the predicted changes in actin levels in the HEY A8 cells, which show a more pronounced

increase in monomeric actin levels than in the OVCARS cells.

To quantify levels and organization of F-actin in populations of miR-treated cells, we investigate cells
that are adhered to a collagen-coated substrate and labeled with phalloidin, cells also adhere to collagen
during invasion (Figure 9) [148]. We find that HEYAS8 cells with elevated levels of miR-508-3p, miR-
509-3p, and miR-130b-3p show a 2 to 3-fold increase in F-actin levels (p < 0.05), whereas cells with
elevated levels of miR-508-5p and miR-509-5p show a slight, albeit not statistically significant, increase

in F-actin (Figure 14c).

While knowledge of actin structure in adhered cells is relevant for invasion, investigating F-actin in
suspended cells is relevant to our deformability assays, which measure cells in suspension. Knowledge of
subcellular architecture for suspended cells may also be relevant because cells transit and deform through
vasculature during metastasis [226]. We next use imaging flow cytometry to image single cells in
suspension, after being fixed and stained with phalloidin. Representative images are shown in Figure 14b.
Compared to the mock and SCR controls, cells overexpressing tumor-suppressor miRs have increased F-
actin (Figure 14b,d). We observe the largest increase in F-actin levels for cells that overexpress miR-508-
3p, which exhibit ~8-fold higher levels of relative fluorescence intensity compared to the mock and SCR
controls (Figure 14d). Cells overexpressing other tumor-suppressor miRs (miR-508-5p, miR-509-3p,

miR-509-5p, miR-130b-3p) show ~2 to 4-fold higher levels of F-actin relative to the controls.

We also investigate levels of F-actin in the cortical region, as these are critical for cell deformability
[61,227]. Interestingly, our results show that cells with elevated levels of miR-508-3p, miR-509-3p, or
miR-130b-3p, which are less deformable, have lower levels of cortical-to-internal F-actin than the mock
and SCR cells (Supplementary Material Figure 6). While lower levels of cortical F-actin are typically
associated with a more deformable cortical region, as measured by methods that induce nanometer to

submicron deformations [64], our PMF and transit time measurements probe cells as they transit through
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pores that are roughly half their size. The relatively large deformations in our mechanotyping methods
may explain why levels of cortical-to-internal F-actin do not correlate with our deformability results,
these observations are in agreement with our previous report that the ratio of cortical-to-internal F-actin

cannot predict retention of ovarian cancer cells during epithelial-to-mesenchymal transition (EMT) [137].

Across the miR panel, we observe a similar trend in overall F-actin levels between cells in an adhered
versus suspended state, with smaller fold-changes in F-actin levels in adhered cells (Figure 14). For
example, for cells overexpressing miR-508-3p, there is an 8-fold increase in F-actin in suspended cells (p
=0.003), and only a 3-fold increase in adhered cells (p < 0.001). The difference in phalloidin intensity
between cells in suspended versus adhered states is consistent with how we image them: for flow
cytometry imaging, we capture light that is emitted from the entire cell volume, whereas for confocal
microscopy, we measure fluorescence signal from a single confocal slice. Taken together, our imaging
data for both adhered and suspended cells are generally consistent with our gRT-PCR analyses, which
show a significant increase in ACTAZ2 (1.5 to 6-fold) with overexpression of miR-508-3p, miR-508-5p,

miR-509-5p, and miR-130b-3p.

Since changes in the actin cytoskeleton can induce changes in cell volume [228,229], and larger cells
exhibit reduced invasion [15,152], we also investigate cell size. To determine differences in cell volume
with miR overexpression, we analyze our flow cytometry imaging data, the size of cells in a suspended
state can be measured independently from the effects of cell spreading that occur when cells are adhered
to a substrate [10,24]. We observe that cells with elevated levels of tumor-suppressor miRs are on average
5 to 20% larger than the parental cells and negative control treated cells: the median diameter of cells
treated with tumor-suppressor miRs range from 23 to 25 um, while the SCR control cells have a median
diameter of 22 um (Supplementary Material Table 1a, Supplementary Material Figure 5a). By staining
cells with DRAQS5, we also obtain measurements of nuclear size. We observe that the median diameters

of nuclei in miR-treated cells range from ~11 to 13 um, this is ~10 to 26% larger than the nuclei of the
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SCR control cells, which have a median diameter of 10 um (p < 0.001) (Supplementary Material Table 1b,
Supplementary Material Figure 5b). An increase in cell and nuclear size could contribute to increased
transit time and retention, however, cell and nuclear size do not exhibit significant correlations with either
transit time (cell size: R=0.61, p = 0.14, nuclear size: R=0.36, p = 0.42) or retention (cell size: R=0.82,

p = 0.09, nuclear size: R=0.66, p = 0.23) (Figure 15), suggesting that these deformability measurements

are not dominated by cell size.
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(a) Confocal microscopy images of HEY A8 cells attached to collagen-coated glass slides. Scale, 20 um. (b) Representative
images of HEY A8 cells in suspension obtained by flow cytometry imaging. Scale, 10 um. (c) Measurements of the integrated
fluorescence intensity of single cells in the adhered state. At least 24 cells are analyzed for each sample over N=3 independent
experiments. (d) Quantification of the relative fluorescence intensity of F-actin per single cell based on flow cytometry
imaging. At least 3991 cells are analyzed for each sample over N=3 independent experiments. One-way ANOVA with a

Tukey post hoc test, *** (p < 0.001), **(p < 0.01), ns (p > 0.05), compared to the scrambled control treatment (SCR). Error
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bars show standard error of the mean.

Determining correlations between cell physical properties and invasive behavior

To summarize the major contributions of cell physical properties to invasive behavior across the panel of
tumor-suppressor miRs, we determine the strength and significance of correlations between invasion and

cell size, nuclear size, deformability (retention and transit time), and F-actin levels (Figure 15).

Cell invasion is negatively correlated with cell and nuclear size. We find that across the panel of
tumor-suppressor miRs, cell size negatively correlates with invasion efficiency (R = -0.85, p < 0.05),
these results are consistent with previous observations in fibroblast (HT-1080), lung (A125), and breast
cancer cells (MDA-MB- 231) [15,152]. The nucleus is typically the largest and stiffest organelle,
occupying a substantial volume of the cytoplasm and rate-limiting the transit of cells through micron-
scale pores [39,48], nuclear size is also associated with how effectively cells invade through collagen gels
[152]. We observe a moderately strong negative correlation between invasion and nuclear size (R = -0.83,
p = 0.02), reflecting how overexpression of some miRs results in increased nuclear size as well as reduced
invasion, while overexpression of other miRs results in larger nuclei but no significant change in invasion
efficiency. Thus, while there are strong correlations between invasive potential and cell/nuclear size, this
feature alone cannot predict how an individual miR will impact cell invasive potential. Given recent
observations of nuclear rupture and repair during the migration of cells through confined geometries [231],

it remains to be determined how nuclear size may impact disease progression in vivo.

Less invasive cells tend to be stiffer. To determine the deformability of populations of single cells
treated with a panel of miRs, we perform transit time measurements. We also obtain complementary data
using PMF, which provides a bulk measure of the deformability of a cell suspension. Considering the
panel of miRs, we observe a moderate correlation between invasive behavior and retention (R =-0.51, p =

0.38) as well as transit time (R =-0.43, p = 0.33), reflecting that less deformable cells tend to be less
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invasive. Overall, the increased F-actin levels in suspended cells that overexpress tumor-suppressor miRs
provides a likely explanation of their stiffer mechanotype. We observe a significant correlation between
F-actin levels in suspended cells and transit time (R = 0.92, p = 0.003), reflecting that transit time
measurements are sensitive to cytoskeletal organization in a suspended state, and further indicating that F-
actin levels are a major contributor to transit time in cells overexpressing tumor-suppressor miRNAS.
However, we also observe marked differences in the extent to which tumor-suppressor miRs impact cell
deformability and invasive behavior. We find a relatively strong correlation between cell deformability
and invasive potential for miR-508-3p and miR-509-3p, these observations are consistent with previous
results showing that less deformable ovarian and breast cancer cells have decreased invasion efficiency
[152,157,158]. However, for other miRs there is little correspondence between deformability and invasion.
For example, cells overexpressing miR-508-5p show increased retention but no significant change in their
invasive behavior, cells with elevated levels of miR-130b-3p are significantly less invasive but only
moderately less deformable. We note that invasion is an active process during which the cell adheres to a
substrate and remodels its cytoskeleton on timescales of minutes to hours, while our deformability
measurements probe the passive deformability of cells in suspension on timescales of milliseconds to

seconds [232].

F-actin levels for adhered cells show the strongest correlation with invasive potential. Our
correlation analyses also reveal a strong negative correlation between wound closure and F-actin levels in
adhered cells (R =-0.89, p = 0.008), suggesting that F-actin could be an indicator of cell invasive
potential. While increased F-actin content is correlated with increased invasion and cell motility in
lymphoma cells [233], other studies report that malignant cells exhibit a marked decrease in F-actin
compared to normal keratinocytes [234]. Additional factors can also regulate actin structure and
organization, including regulatory proteins, which are involved in the potential interaction pathways that
we identify, such as DIAPH3 [235], this formin promotes the formation of actin-rich protrusions involved

in cell migration and invasion. For suspended cells, we find a negative albeit not statistically significant
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correlation between F-actin levels and wound closure (R = -0.44, p = 0.33), indicating that the

organization of cytoskeletal actin in adhered cells is more tightly associated with invasive potential.
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Figure 15. Correlations between invasion, cell physical properties, and F-actin levels across the panel of tumor-

suppressor miRs.

Pearson correlation coefficient (R value) between nuclear size, cell size, F-actin levels in suspended (S) and adhered (A)
cells, retention, transit time, and invasion of cells with elevated miR expression. *(p < 0.05), **(p < 0.01) indicates

statistically significant correlations.

Potential mechanisms for how miRs alter cell mechanotype and invasive behavior

Here we use predicted and validated targeting relationships to associate the miRs with mRNA targets that
encode structural and signaling proteins that regulate cell mechanical properties and mechanosensing. We
are thereby able to identify mechanisms by which altered levels of tumor-suppressor miRs may alter
regulation of cytoskeletal actin to make cancer cells less deformable and less invasive. Changes in cell
mechanotype can occur due to regulation of F-actin structure and dynamics, this can be mediated by
actin-associated proteins, such as crosslinkers of actin filaments [236]. Remodeling of the actin

cytoskeleton is required for numerous processes in cancer invasion, including invadopodia formation and
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motility [237,238]. Our work identifies several targets whose potential role in ovarian cancer progression

warrants further investigation.

We focus first on dissecting the possible mechanism of the phenotype induced by miR-508-3p
overexpression, which includes a strong decrease in invasion, increased transit time, and retention.
Overexpression of miR-508-3p also results in the largest increase in F-actin and ACTA2 transcript levels
in HEYABS cells. A strong predicted target of miR-508-3p is leupaxin (LPXN). Leupaxin interacts with
integrins and regulates the lifetime of adhesion sites [239], since actin polymerization is required for focal
adhesion formation, we speculate that reduced LPXN expression may alter actin remodeling, and thereby
affect cell deformability. Leupaxin is also an interaction partner of the actin-binding protein caldesmon,
and thereby directly affects cytoskeletal structure and dynamics [176,177]. However, analysis of LPXN
expression using the Cancer Genome Atlas database through cBioPortal reveals upregulation in only 4%
of patients [240,241] (Supplementary Material Figure 7), and may therefore have limited clinical impact.
Similarly, miR-508-3p overexpression in the p53-mutant OVCARS cells shows no significant effects on

invasion.

We find that miR-509-3p overexpression results in significantly reduced invasion for both HEY A8 and
OVCARS, as well as increased transit times and retention, which reflect a trend to decreased
deformability. Our results showing reduced YAP1 levels in HEYA8 and OVCARS8 with miR-509-3p
overexpression are consistent with Yapl being a validated target of miR-509-3p in ovarian cancer cells
[141]. Downregulation of YAP1 by miR-509-3p could also alter cell mechanical properties by regulation
of ARHGAP18, this Rho GTPase-activating protein (RhoGAP) regulates the activity of RhoC [180] and
RhoA [181]. Suppression of ARHGAP18 could thus lead to accumulation of active Rho and increased F-
actin polymerization, which is consistent with our imaging results for both adhered and suspended cells
following overexpression of miR-509-3p. Furthermore, increased levels of miR-509-3p and decreased

Yapl levels correlate with improved overall survival, as determined by analysis of TCGA data [141].
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In addition to ARHGAP18, our results reveal that ARHGAP1 and ARHGAP12 are regulators of multiple
pathways. ARHGAP1 is another predicted target of miR-509-3p, ARHGAP1 and ARHGAP12 are
predicted to bind to miR-130b-3p. Depletion of ARHGAPs could lead to increased activation of Rho
proteins and the formation of stress fibers [181,242], this is consistent with our results showing increased
F-actin and decreased cell deformability in HEYAS8 cells that overexpress miR-509-3p (figures 3,4,7).
Although many RhoGAPs appear to have anti-tumorigenic effects in other cancer types [242-245],
ARHGAP1, ARHGAP12, and ARHGAP18 may have clinical relevance in ovarian cancer: analysis of
The Cancer Genome Atlas dataset through cBioPortal [240,241] reveals that across 603 patient tumor
samples, there is upregulation or amplification of ARHGAP12 in 11% of patients, of ARHGAP1 in 5% of
patients, and of ARHGAP18 in 4% of patients (Supplementary Material Figure 7). These findings warrant
further investigations of the role of these ARHGAPs in ovarian cancer cell invasion and disease

progression.

Rho proteins are also found in other pathways of our interaction network. For example, RhoC is a
predicted target of miR-509-5p. Depletion of this RhoGTPase reduces invasion in different cancer types
from prostrate to breast cancer [246]. RhoC is also a validated target of miR-493 and miR-138, which
reduce the migration of cancer cells [247,248]. RhoA is an effector of Diaphanous-related formin-3 or
DIAPH3, which is implicated in multiple interaction pathways (Figure 12a). DIAPH3 is in the miR-509-
3p/Yapl/DIAPH3/actin axis and is also a predicted target of miR-130b-3p, although overexpression of
this miR results in decreased invasion in HEYAS8 cells only. While the role of DIAPHS3 in cell mechanical
properties is poorly understood, DIAPH3 may affect cell deformability through its interactions with actin
[203] and microtubules [249]: DIAPH3 remodels the cytoskeleton by nucleating and elongating
nonbranched actin filaments, thereby promoting F-actin formation [250]. Indeed, the downregulation of
DIAPH3 in early to late stage ovarian cancer cells is accompanied by disruption in F-actin accumulation
[251]. DIAPHS3 also nucleates actin via Cdc42 [200], and thereby contributes to remodeling of the actin

cytoskeleton, including the formation of protrusions that are implicated in cell motility. For example,
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DIAPH3 is enriched in the cellular protrusions of collagen-embedded OVCA429 spheroids, and also
contributes to the invasion of ovarian cancer cells in 2D cultures [252]. Consistent with those findings, we
find that overexpression of miR-130b-3p, which is predicted to target DIAPH3, results in reduced
invasion of HEY A8 cells. DIAPH3 could also impact cell invasive behavior through the miR-509-
3p/Yapl/DIAPH3/actin axis. Since expression of DIAPH3 correlates with levels of active Yapl [253],
and overexpression of miR-509-3p reduces Yapl levels [141], we hypothesize that miR-509-3p
overexpression could also decrease DIAPH3 levels, which could destabilize actomyosin structures and

thereby cause cells to be less contractile and less invasive.

Differences between HEYA8 and OVCARS. While we observe that miR-509-3p overexpression has a
significant effect on the invasion and deformability of both HEYA8 and OVCARS cells, we also observe
differences in the behaviors of these two cell lines. For example, we find that miR-508-3p, miR-509-3p,
and miR-130b-3p all significantly reduce invasion of HEY A8 cells, but do not have a significant effect on
the invasive behavior of OVCARS cells. The different trends that we observe between these two cell lines
likely reflect their distinct genetic backgrounds: while HEYAS8 is p53-wildtype, OVCARS is p53-mutant.
Mutation of the tumor-suppressor protein p53 may impact levels of key genes in our interaction network,
such as ACTAZ2 and NFKBL1. Wildtype p53, but not mutant p53, promotes increased activity of the
smooth a-actin promoter [208,254], which is consistent with the higher endogeneous levels of ACTAZ2 in
HEY A8 cells versus OVCARS that we observe by gRT-PCR (Supplementary Material Figure 8a) and
also by analysis of MRNA expression data from The Broad-Novartis Cancer Cell Line Encyclopedia
(CCLE) [255] (Supplementary Material Figure 8b). We speculate that the higher endogenous expression
of ACTAZ2 in HEY A8 compared to OVCARS cells could lead to the larger increase in ACTA2 levels with
miR-508-3p overexpression. Compared to HEYAS8 cells, OVCARS cells also have lower levels of
NFKB1 and higher levels of the Rho GTPase, RHOB (Supplementary Material Figure 8b), this is
consistent with the suppression of NF-kB by RhoB [256]. Since NFKBL1 is a highly-scoring predicted

target of miR-508-3p, overexpression of this miR may have a more significant effect on the invasion
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behavior and physical properties of HEY A8 rather than OVCARS cells. We also observe that certain
predicted miR targets are expressed at different levels in HEY A8 and OVCARS cells. For example, a
predicted target of miR-130b-3p, ARHGAP12, has slightly lower levels in OVCARS than HEY A8
(Supplementary Material Figure 8a), therefore a reduction of ARHGAP12 levels by miR-130b-3p may
result in more significant reduction of invasion in HEYAS cells. In addition to the p53 mutation,
OVCARS cells have a number of additional mutations than the HEY A8 cells, which could also result in
phenotypic differences between the two cell lines [257]. Differences between HEY A8 and OVCARS with
miR overexpression may also be related to the 10x greater fold-increase in levels of miR-508-3p and
miR-130b-3p in HEY A8 than OVCARS cells. Both miR-508-3p and miR-130b-3p exhibit more
significant effects on the invasion and mechanotype of HEY A8 cells than OVCARS cells. Further studies
can provide deeper insight into the effects of tumor suppressor miRs on the behavior of different ovarian

cancer cell types.

3.3 Conclusions

MiRs play central roles in regulating gene expression and cellular functions across a wide range of
biological processes, from embryogenesis to stem cell differentiation to cancer. Here we dissect the role
of single cell physical properties in cell invasive behavior following upregulation of tumor-suppressor
miRs in two human ovarian cancer cell lines. We focus on a panel of five tumor-supressor miRs that are
expressed at lower levels in later stages of human ovarian cancer and are more abundant in patients with
improved survival [141,159,258,259]. The mechanome targets of these miRs that we have identified may

be implicated in ovarian cancer progression and warrant further investigation.

Our results also deepen our understanding of how cell/nuclear size, deformability, and architecture of the
actin cytoskeleton could have functional consequences in cancer invasion. For adhered cells, we find that
cell invasive potential is strongly correlated with cellular and nuclear size, as well as F-actin levels. With

overexpression of certain miRs, such as miR-508-3p in HEY A8 cells, our results show that cells become
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less deformable and also less invasive. Thus, our findings also suggest that measurements of cell physical

properties could complement existing methods to identify potential therapeutics.

Investigating other physical factors that are implicated in invasion may provide additional insights.
Invasion is a complex and dynamic process in which cells remodel their local ECM by proteolytic
degradation and by exerting traction forces on surrounding ECM fibers. An extensive network of
structural and regulatory proteins are collectively responsible for actomyosin contractility and cell level
dynamics [260]. Differences in cell contractility or the adhesive properties of cells could contribute to the
differences in cell invasion that we observe in cells overexpressing tumor-suppressor miRs. Indeed,
increased metastatic invasion is associated with higher traction stresses in breast, prostate, and lung
cancer cells [261], and cell stiffening response is observed after contractile stimulation in airway smooth
muscle cells [41]. In addition to changes in cell physical properties, the ECM also regulates invasion
through its mechanical properties and density of cell adhesion binding sites [153,262—264].
Complementary analyses of cell and ECM physical parameters and/or combinations of parameters could
thus provide stronger predictive power. Ultimately, knowledge of physical properties of tumor cells and
their microenvironment could lead to new strategies to better target invasive cancer cells and to reduce

metastatic spread.

3.4 Future investigation

Opportunities for targeted therapy of ovarian cancer

The recent wealth of genomic data obtained by molecular profiling has provided an opportunity to better
match cancer treatments for specific subtypes of ovarian cancer. In addition, morphological and

molecular studies reveal that ovarian cancer is not a single disease, but a collection of disease subtypes
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with altering origins and significantly different clinical behaviors [265,266]. Although current clinical
management of ovarian carcinoma largely neglects this heterogeneity, the four major histological
subtypes of epithelial ovarian tumors (serous, endometrioid, clear cell, and mucinous) have characteristic
genetic defects that deregulate specific signaling pathways in the tumor cells [267]. Alteration of the p53
gene has been extensively studied and is the most commonly described genetic alteration, present in about
50-70% of advanced-stage ovarian carcinomas [267,268]. However, the occurrence of p53 mutation in
clear cell carcinoma is much less frequent than in other histologic subtypes [269]. Given that we have
observed that cells with elevated levels of tumor-suppressor miRNAs have more pronounced effects of
reduced invasion and decreased deformability in p53 wild-type HEY A8 cells compared to p53 mutant
OVCARS cells, we suggest that the tumor-suppressor miRNAs may offer novel therapeutic opportunities

in clear cell carcinoma and in patients with wild-type p53.

Delivery of functional microRNAs into cancer cells

Here we have used cell physical properties as a biomarker to validate the efficacy of miRNAs with tumor-
suppressive effects. The involvement of miRNAs in the onset and progression of cancer has generated
significant interest for therapeutic development. Depending on the expression status of the target miRNA,
miRNA-based therapeutic approaches are separated into two classes: (1) miRNA inhibition therapy when
the miRNA is overexpressed, and (2) miRNA replacement therapy to restore miRNA levels when miRNA
expression and activity are repressed. In miRNA replacement therapy, oligonucleotides containing the
same sequence as the mature endogenous miRNA, known as miRNA mimics, are used to supplement
lowered levels of the miRNA. A miRNA mimic has the ability to enter the RNA-induced silencing
complex (RISC) and affect the same target genes as the endogenous miRNA, through binding to partially
complementary sequences in the 3’ untranslated regions of target mRNAs and induce their degradation or
block their translation [270]; this can be achieved using a synthetic, single-stranded RNA molecule that
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contains the same sequence as the mature endogenous miRNA. However, singled-stranded miRNA
mimics tends to be 10°-10°fold less potent compared with mimics that feature a second, passenger strand
with a sequence that is complementary to the mature miRNA [271]. Therefore, double-stranded miRNA

mimics are greatly preferred to single-stranded mimics.

While miRNA replacement therapy holds exciting potential, the design of appropriate carrier systems for
delivery of functional miRNAs remains a critical hurdle for transition to clinical applications. Nonviral
methods of mMiRNA delivery include lipid and polymeric nanoparticles to protect the miRNA from
degradation and increase their half-life in circulation. These synthetic delivery systems have considerable
advantages over viral vectors due to the control of their molecular composition, simplified manufacturing,
modification and analysis, and relatively lower immunogenicity [272]. Liposomes are one of the most
commonly used transfection reagents in vitro. However, their in vivo application is frequently limited by
nonspecific uptake, unwanted immune response, and toxicity [273]. Polyethylenimine (PEI) is one of the
most widely used polymer-based delivery systems, and both DNA and siRNA have been successfully

delivered using PEI in animal models in vivo [272,274].

Inorganic nanoparticles represent another class of alternatives for miRNA delivery and have several
advantages, including biocompatibility, controlled release of therapeutic agents, and capability of targeted
drug delivery. Many types of materials for nanoparticles have been tested, including silica, calcium,
magnesium, strontium, quantum dots [275]. Recently, our group has begun testing gold nanoparticles for
the delivery of functional miRNAs into ovarian cancer cells. Gold nanoparticles (AuNPs) have received
attention as model drug delivery platforms due to their amphiphilicity, biocompatibility, and
advantageous surface characteristics that allow easy functionalization with chemical and biological
molecules [276-278]. Nanoparticles can be used for various routes of administration including local

injection, topical skin application, intravenous administration [279].
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The complexity and heterogeneity of signaling pathways involved in many diseases contributes to the
difficulty of developing effective medicine for cancer treatment. MiRNAs are currently being explored as
potential drug therapeutics because of their ability to regulate a broad network of genes involved in
different signaling pathways. At the same time however, the broad functionality of miRNAs and potential
off-target effects can be a liability. Moreover, addition of artificial miRNAs brings the risk of saturation
of RNA processing machinery and could cause unwanted side effects [280,281]. Most importantly, the
expression level and function of miRNAs varies between disease stages [159,258,282]. This aspect of
miRNA therapeutics is challenging because it requires both temporal and spatial control over the

biodistribution of the miRNA.

Complementary methods to assess the efficacy of miRNA treatments at the single cell level could provide
stronger predictive power. Exploiting the benefits of microfluidic techniques and MEMS devices for

label-free assessment of cells could therefore facilitate high-throughput approaches for screening potential
new cancer therapeutics. A more detailed understanding of the biological activity of miRNAs will be key

to translation of this promising therapeutic class of molecules.

3.5 Supplementary material

Supplementary Note

While both PMF and transit time assays require cells to deform through a ~10 um pore when driven by an
external applied pressure, we observe only a moderate correlation (R = 0.61, p = 0.28) between retention
and transit time. This modest correlation between such similar techniques could reflect differences in the
readouts for the bulk versus single cell deformability assays. In the microfluidic transit time assay we
probe the deformation of single cells through constricted channels over < 1 sec, while in PMF we
measure how a population of cells deform through a porous membrane over tens of seconds. The modest
correlation may also stem from differences in the interactions of cells with the polycarbonate membrane
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filters of our PMF device and the PDMS walls of the microfluidic channels [78,113,137]. Despite these

technical differences between mechanotyping methods, the results of both assays show good agreement.

@ Median | Coefficient (b) Median | Coefficient
Treatment CellSize |of Variation Kurtosis Treatment Nuclear Size| of Variation Kurtosis

SCR 20.6 0.2 -2.5 SCR 10.0 0.2 8.6
130b-3p 23.2 0.2 -2.8 130b-3p 11.1 0.2 29
509-5p 22.7 0.2 -3.0 509-5p 11.1 0.2 2.3
509-3p 24.4 0.2 -2.9 509-3p 12.7 0.3 7.4
508-5p 22.3 0.2 -3.2 508-5p 11.1 0.2 10.9
508-3p 239 0.2 -3.3 508-3p 11.6 0.2 2.5
Mock 21.7 0.2 -2.7 Mock 10.0 0.2 15.0

Supplementary Material Table 1. Cell and nuclear size after miRNA transfection.

(a) Summary of median cell size, (b) median nuclear size, coefficient of variation, and kurtosis for miR-treated HEYA8

cells, measured by flow cytometry imaging.
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Supplementary Material Figure 1. Effect on protease activity after miRNA overexpression and treatment with the matrix
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metalloproteinase inhibitor GM6001.

Quantification of protease activity in cell culture conditioned media measured using a fluorogenic peptide substrate
(N=2). Relative fluorescence units (RFU) are obtained at 320 nm excitation and 405 nm emission. The background

fluorescence is subtracted prior to quantification. Error bars represent standard deviations.
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Supplementary Material Figure 2. Effect of miRNA overexpression on cell invasion speed through a collagen matrix.

Speed of the wound front (um/hr) for HEYA8 and OVCARS cells, 10 hours after initiation of the scratch wound. The rate of
invasion of the ovarian cancer cell lines HEYA8 (~20 pm/hr) and OVCARS8 (~10 um/hr) is comparable to that of breast
cancer cells. In a cell-derived matrix, MDA-MB-231 breast cancer cell migrate through 3D microenvironments at ~0.6
um/min (~36 pm/hr) [283]. In Matrigel matrices, MDA-MB-231 breast cancer cells migrate at a velocity of ~20 um/hr
[284]. One-way ANOVA with a Tukey post hoc test, *** (p < 0.001), ns (p > 0.05), compared to the scrambled control

treatment (SCR). Error bars show standard deviations from N=3 independent experiments.
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Supplementary Material Figure 3. Percentage of single HEY A8 cells in parallel microfiltration samples.

(a) Images of cell suspensions prior to loading samples into the parallel microfiltration device. Scale, 100 um. (b)
Percentage of single HEYAS cells in parallel microfiltration samples. Here we identify single cells by manual inspection

of the images. Error bars represent standard deviations (N=2).
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Cell Diameter (um)

Supplementary Material Figure 4. Cell size after miR transfection.
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Distribution of cell size for (a) HEYA8 and (b) OVCARS cells measured in a microfluidic device prior to entry into the first
constriction. As upstream filters can retain cells of larger size, cells imaged in the microfluidic device may appear smaller

than those imaged by flow cytometry. Data for 20 to 197 single cells over N=2 independent experiments.
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Supplementary Material Figure 5. Cell and nuclear size for HEYAS8 after miR transfection.

Distribution of (a) cell size and (b) nuclear size measured by flow cytometry imaging. Data for at least 3991 single cells

over N=3 independent experiments.
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Supplementary Material Figure 6. Subcellular structures of cells in suspension as analyzed by flow cytometer imaging.

Quantification of the fluorescence intensity of cortical-to-intracellular F-actin. Data represents n>3991 single cells over N=3
independent experiments. Boxes denote the 25th and 75th percentiles, and whiskers denote the 10th and 90th percentiles. Notches
represent the 95% confidence interval about the median. Mann-Whitney test, ns (not significant), *** (p < 0.001) compared to

the SCR treatment.
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Supplementary Material Figure 7. Analysis of mechanome genes in TCGA ovarian cancer data using cBioPortal.

Graphical summary of genomic alterations in mechanome genes across a set of 603 tumor samples (Ovarian serious
cystadenocarcinoma, TCGA Provisional, RNA Seq V2 RSEM) [240,241]. Rows represent genes, and columns represent

samples. The legend below the graphic indicates the types of alterations.
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Supplementary Material Figure 8. Analysis of expression of mechanoregulating genes in OVCAR8 and HEYAS cell lines.

(a) Quantification of relative expression as measured by qRT-PCR using the delta delta cycle time method (AACt) with 18S
ribosomal RNA as an endogenous control. Error bars show standard deviations of N=3 independent experiments. (b)

Comparison of mRNA levels using RNA-seq data from The Broad-Novartis Cancer Cell Line Encyclopedia (CCLE).
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