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ABSTRACT OF THE DISSERTATION

Cellular Adhesion Strength as a Potential Biophysical Marker of Metastatic Behavior

by

Pranjali Beri

Doctor of Philosophy in Bioengineering

University of California San Diego, 2020

Professor Adam J. Engler, Chair

While metastasis of cells from the primary tumor is what leads to mortality in
cancer patients, the likelihood of metastasis varies from patient-to-patient as well as for
cells within a given tumor. However, there is no universal biological marker that can
identify heterogeneity in aggressiveness. Cell-ECM dynamics play a profound role in the
dissemination of tumor cells from the primary tumor and variations in cell-ECM dynamics
in cancer cells can be exploited to distinguish more aggressive cancers from their non-

aggressive counterparts. This dissertation aims to demonstrate the utility of studying cell-

XV



ECM dynamics—specifically cellular adhesion to the ECM—in order to identify the most
aggressive cancer cells.

We first examined how adhesion strength of metastatic and non-metastatic cancer
cells varies in the presence of tumoral and stromal cation conditions. We built a spinning-
disk shear assay to quantify population adhesion strength in the presence or absence of
Mg?* and Ca**. Metastatic cells displayed a decrease in cellular adhesion strength in low
Mg?** and Ca?* conditions as well as heterogeneity in adhesion strength that was not present
in the non-metastatic cells. These differences were correlated with differing rates of focal
adhesion disassembly between metastatic and non-metastatic cells. When non-metastatic
cells were exposed to RGD to decrease their adhesion, they recapitulated the decreased
adhesion, increased focal adhesion disassembly, and increased migration associated with
metastatic cells. These data suggest that decreased cellular adhesion is a marker of
metastatic cell populations.

We next examined how heterogeneity in adhesion strength within a population
could lead to intrapopulation heterogeneity in metastatic ability. We utilized a parallel plate
flow chamber to isolate distinct fractions of cells from a heterogeneous population. Weakly
adherent cells within a population displayed increased 2D and 3D migration compared to
their strongly adherent counterparts. These differences were due to increased focal
adhesion disassembly and contractility in the weakly adherent cells, which is consistent
with previous findings comparing metastatic and non-metastatic cell lines. RNA
sequencing revealed differences in transcriptomic expression of cytoskeletal proteins,
particularly those corresponding to the microtubule network, between the weakly and

strongly adherent cells. When we compared triple negative patient datasets to the
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expression profiles of weakly and strongly adherent cells, we found that patients with gene
expression profiles that matched weakly adherent cells had significantly lower disease-free
intervals than the patients that matched strongly-adherent cells.

Finally, we examined how adhesion strength can correlate with invasive and
metastatic potential in vivo. We injected MDA-MB231 cells into the mammary fat pads of
NOD/SCIDy mice, allowed the tumors to grow until localized invasion occurred, resected
the fat pad and manually separated the tumor from stroma, and isolated the cancer cells
from tumor and stroma respectively. We observed that cells that had invaded into the
stroma had a decreased adhesion strength compared to cells within the tumor. This further
suggests that the least adherent cells are the most invasive and have the greatest metastatic
potential.

These studies demonstrate the universality of using cellular adhesion strength as a
biophysical marker of metastatic potential. In addition, the shear separation technique can
be used to study heterogeneous cell fractions in other diseases where adhesion plays a

significant role.
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Chapter 1.
Utilizing cell-ECM dynamics to model and

measure epithelial cancers

1.1 Abstract

The use of biomaterials has substantially contributed to both our understanding of
tumorigenesis and our ability to identify and capture tumor cells in vitro and in vivo.
Engineered biomaterials can mimic the spatial and temporal properties of the surrounding
tumor niche to investigate the specific effects of the environment on disease progression,
offering an alternative to animal models for the testing of cancer cell behavior.
Biomaterials can also be used to capture and detect cancer cells in vitro and in vivo to
monitor tumor progression. Here we examine how biomaterials can be applied to capture
circulating tumor cells in blood samples for the early detection of metastasis. We highlight
biomaterial-based strategies to investigate local regions adjacent to the tumor and survey
potential applications of biomaterial-based devices for diagnosis and prognosis, such as the
detection of cellular deformability and the non-invasive surveillance of tumor-adjacent

stroma.

1.2 Introduction

Tumors are complex and heterogeneous structures. Understanding tumor

progression and cancer metastasis requires the investigation of not only the tumor itself but



also of the dynamic and reciprocal interactions between cancer cells and the adjacent tumor
stroma, that is, the tumor microenvironment (or niche). This microenvironment is very
heterogeneous but generally contains certain cell types (for example, cancer-associated
fibroblasts (CAFs)), extracellular matrix (ECM) proteins and signaling molecules, which
change as tumors grow and metastasize throughout the body (Figure 1.1). The tumor
microenvironment proper ties are modulated, in part, as a result of alterations to the 3D

fibrillar ECM that surrounds tumor tissue and to the 2D basement membrane that underlies

epithelia. For example, the ECM can be modified by CAFs(Z, 2) and tumor cells alike,
causing the matrix to become stiffer(3), more dense(4), crosslinked(5), aligned (3), and less
porous (3). In the case of larger breast tumors, patients can actually feel the stiffened tumor
stroma.

Animal models are powerful systems to study the dynamic stromal properties of
tumors, but it is difficult to dissect the specific contributions of individual
microenvironmental cues to tumor development and progression(6). However, reducing
the in vivo niche to its major biochemical and biophysical components offers a possibility
to model the tumor microenvironment in vitro. Identifying and recreating specific aspects
of the tumor stroma, for example, stiffness, topography or nutrient exchange, using
biomaterials allows for the fabrication of reductionist in vitro systems to study basic
mechanisms that regulate cancer cell plasticity, dissemination and repopulation of the
niche.

Biomaterials have been used to study tumor biology since the early 1980s, when
scientists questioned whether signals from the extracellular compartment could regulate

cell behavior in a distinct and/or similar way as to how genetics can dictate cell fate. In
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Figure 1.1. Cancer and Metastasis.

Squamous and ductal carcinoma share basic stages of cancer metastasis. These cancers originate from
epithelial cells, which line surfaces and vessels of the body.

particular, seminal work demonstrating that changes to the extracellular milieu could affect
gene expression in mammary glands(7) has triggered unprecedented interest in how the
ECM regulates cell behavior in development. Pioneering work by the group of Mina Bissell
established a ‘dynamic reciprocity’ between the cell and its microenvironment, showing
that components of the ECM, such as collagen or fibronectin, associate with the plasma
membrane and connect to the intracellular cytoskeleton through specific structures (later
identified as focal adhesions). Signals from the ECM are then relayed to the nucleus to
affect gene expression and to regulate the expression of ECM molecules or their
modification through the expression of ECM-modifying enzymes. However, the detailed
mechanisms of cell-ECM interactions are still under intense investigation, and much
remains to be understood.

In this chapter, we discuss how biomaterials can be applied to model tumors and
their microenvironments in vitro. We examine different materials that can be used to
capture and measure cancer cells for diagnostics and prognostics and investigate

biomaterials for their potential to be used for cancer treatment in vivo.



1.3 Engineering the tumor microenvironment

13.1 Modulating matrix stiffness

A breast tumor mass is routinely identified by manual palpation; the patient or
doctor identifies a stiff lump relative to the compliant surrounding tissue. In epithelial
tumors, a direct correlation between stiffness and metastatic potential has been reported(3,
5, 8-11); however, this correlation has not been observed in all animal models(/2). To tune
stiff ness in natural ECMs, matrix concentration is increased, which also affects porosity
and ligand density(3). By contrast, in synthetic materials, changing crosslink density or
bulk polymer concentration allows for the variation of stiffness by several orders of
magnitude without modifying adhesion ligand density(/3) (Figure 1.2B). Most epithelial
tumor models use a combination of naturally derived or natural and synthetic matrices in
3D(/4, 15). These approaches using materials with increasing stiffness have been applied
to study the mechano-sensitivity of mammary epithelia during their transition to a
mesenchymal phenotype, that is, the epithelial-to-mesenchymal transition (EMT). A stiff
matrix triggers focal adhesion assembly through stress-induced elastic deformation, which
in combination with cell contractility activates extracellular signal-regulated kinase (ERK)
and the RHO family of GTPases, driving MECs towards EMT(3). Increasing matrix
stiffness also triggers the release of the EMT transcription factor Twist family bHLH tran-
scription factor 1 (TWIST1) from its cytoplasmic binding partner RAS GTPase-activating
protein-binding protein 2 (G3BP2), its translocation to the nucleus and initiation of an EMT
transcription program(//). Additional evidence suggests that hydrogel stiffness regulates

not only malignant transformation but also dissemination and
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Figure 1.2. Modelling the tumor microenvironment.

The tumor microenvironment constitutes the niche that surrounds a tumor, including extracellular
matrix (ECM), cells and signaling molecules. The niche is characterized by specific dynamic ECM
properties. a | The composition of the ECM can vary in terms of both ligand type and ligand presentation.
3D hydrogels made of ECM proteins or 2D materials can be used to recreate a specific ECM
composition. The ligand type(/6) and concentration(3) affect cell behavior and can induce an epithelial-
to-mesenchymal transition (EMT). b | Stiffness, that is, the Young’s modulus, can also impact EMT(3,
11). The Young’s modulus (£) of a material can be modified by changing chain entanglements (line a)
or crosslinking (line b). The stiffness is measured as the force per cross-sectional area of the material. ¢
| Topographical features of the niche can be recreated by spinning polymers into fibers and depositing
them as a thin layer on a surface, to which a cell can adhere. Alternatively, a material can be etched to
create specific nano-topographical or micro-topographical features, such as pits. Such topographies can
be used to induce cell transformations(/7-21) or to capture cancer cells(22-24) d | The pore size and
pore connectivity of the tumor microenvironment can be modelled by modulating bulk polymer density
or droplet size in emulsions. Non-malignant cells are highly sensitive to pore size(25, 26); materials
with small pores can inhibit migration and proliferation, and large pores are felt by the cells as 2D
surfaces. CAF, cancer-associated fibroblast.

migration of invading cancer cells(27). Metastatic cells have tumor-specific stiffness pref-
erences; at an optimal stiffness, corresponding to the stiffness of a specific tumor type, they
express markers consistent with highly migratory cells and migrate faster than at sub-
optimal stiffness(28).

Synthetic materials can also be designed as dynamic systems, in which crosslinking
can be gradually(29, 30) changed or modified on demand(/0, 31, 32), thus better

mimicking slow disease progression. Collective cancer cell behaviors can be substantially



different in materials that stiffen following polarization than in materials with static
stiffness(33). Controlled degradation(34) can also provide a strategy to examine cell
behavior in response to an environment that becomes increasingly softer and to identify
mechano-transduction pathways that can slow tumorigenesis. Therefore, matrix stiffness
and the timing of its presentation are important ECM properties that influence neoplastic

cell behavior.

1.3.2 Fiber architecture, topography, and porosity

The architecture and topography of ECM fibers also affect the behavior of
neoplastic cells. Cancer cells can sense whether the surface is atomically flat or has a rough-
ened topography (Figure 1.2C), which can induce invasion and metastasis. For
example, fibrillar matrix structures can be synthetically recreated using electro-spun fibers,
such as silk, to support 3D cell migration of both malignant and nonmalignant cell lines(/7,
18).

Alternatively, polydimethylsiloxane (PDMS) is a commonly used polymer for
topographical studies. Using patterned PDMS substrates, it has been shown that neoplastic
cells are less sensitive to geometrical cues than nonmalignant cells(/9, 20). On micro-
grafted surfaces, MECs enter a dormant state, whereas their neoplastic counterparts
continue to proliferate through a RHO-RHO-associated protein kinase (ROCK)—myosin--
dependent pathway(27). This principle also extends to other roughened surfaces, on which
malignant cells appear less sensitive and continue to grow and migrate independent of
roughness(79, 21).

Similarly, ECM porosity, which dictates cell spreading, can differentially affect

nonmalignant and meta static cells (Figure 1.2D). For example, metastatic cells can migrate



through PDMS channels that are smaller than the diameter of their nuclei by breaking and
reforming their nuclear envelope(35). 3D material systems containing collagen and agarose
can be used to independently modulate stiffness, porosity and ligand density. If the porosity
of the material is decreased independent of other properties, glioblastoma cell migration is
sterically hindered(25). Conversely, nonmalignant cells sense porosity together with other
properties, such as stiffness; for example, in channels of decreasing width, the migration
speed of nonmalignant cells increases with stiffer channel walls(26). These data suggest
complex and often coupled interactions and therefore do not yet allow an overarching
conclusion or propose the ideal material for modelling the tumor microenvironment.
However, individual ECM properties have already been identified that can be modulated

using biomaterials to study their effects on cancer cells.

133 Model requirements beyond materials

Tumors are often described as organs that contain different cell types, including
CAFs(36), endothelial cells, pericytes and immune inflammatory cells(37). The vast
majority of biomaterial-based models are incomplete because they do not incorporate these
important cell types that modify the microenvironment. Cancer cells secrete soluble factors
that activate CAFs, leading to a change in CAF protein expression and an increase in MMP
secretion and CAF contractility(38-40). CAF generated forces promote angiogenesis(41/)
and generate holes in the matrix to facilitate cell invasion(40). CAFs can also directly bind
to cancer cells through heterotypic epithelial cadherin (E-cadherin; also known as CDH1)
and neural cadherin (N-cadherin; also known as CDH2) junctions and pull cancer cells
away from the tumor(42). CAF contractility further promotes the nuclear trans location of

Yes-associated protein YAP65 homologue (YAP1), which in turn results in matrix



stiffening, angiogenesis and cancer cell invasion. This positive feed back loop drives tumor
progression(43). However, most current biomaterial approaches to the niche lack these
important interactions and signaling events.

Metastasis of cancer cells further depends on the ability of cancer cells to migrate
through the stroma, intravasate blood vessels, survive in the circulation and extravasate
into new matrix to colonize distant tissues (Figure 1.1). Although no hydrogel system to
date mimics all these stages, materials-based microphysiological systems have been
explored to mimic specific steps in this process, such as extravasation, in which cancer
cells pass through the endothelium; for example, microphysiological systems can be
fabricated using PDMS to engineer a perfusable microvascular network with hydrogel
regions and media channels. Such systems are thin and composed of neo-vessels, allowing
imaging analysis to study transendothelial migration(44). By applying this in vitro
approach, it has been shown that tumor necrosis factor (TNF)a increases endothelial cell
permeability, facilitates tumor cell intravasation(45) and modulates extravasation(46, 47).
Microphysiological systems can also be used to investigate metastasis of certain cancer
cells to specific secondary sites. For example, a microenvironment containing osteoblasts
can be used to elucidate why breast cancer cells preferentially metastasize to bone. A higher
number of breast cancer cells extravasate into the bone cell-conditioned microenvironment
than into a collagen matrix, suggesting that bone-secreted chemokines such as CXC-
chemokine ligand 5 (CXCLS5) play a role in the chemotactic migration of breast cancer
cells(48). These systems enable the investigation of the contribution of specific families of
cell-secreted cytokines to cancer cell metastasis, which is difficult to dissect in animal

models. Further development of microfluidic devices and incorporation of various



materials will make in vitro models increasingly relevant for cancer biologists as

reductionist systems to recreate more steps of the metastatic process within one system.

14 Capturing cells in blood and stroma

Biomaterials can be applied for diagnostic and prognostic screening of cancer in
vivo and ex vivo (Figure 1.3). The current standard of care primarily consists of regular
screenings, such as mammograms for breast cancer, flexible sigmoidoscopy or fecal occult
blood test for colorectal cancer(49) and computed tomography and chest radiography scans
for lung cancer(50). However, by the time the disease is observable, the tumor has often
already metastasized. To detect tumors in patients earlier and more accurately, biopsy
samples can be taken and genetically tested for prognostic markers, for example, breast
cancer markers breast cancer type 1 susceptibility protein (BRCA1) and ERBB2 by using
mRNA microarrays(5/). Such assays have dramatically reduced cancer occurrence;
however, they do not directly detect disease-causing cells.

Biomaterial-based technologies have primarily focused on capturing circulating
tumor cells (CTCs). CTCs are a small fraction of cells that disseminate from primary
tumors and are thought to be responsible for the haematogenic spread of cancer to distant
sites(22, 52). Increased CTC levels in the blood are correlated with negative prognosis.
Therefore, CTC isolation and quantification are essential for the early detection of metas-
tasis and subsequent treatment(22). However, CTCs are difficult to isolate with high
efficiency and purity(52) and thus their unique molecular signatures remain elusive(22).
The most commonly used CTC isolation method relies on increased epithelial cell adhesion

molecule (EPCAM) expression on the surface of CTCs(52), which is used by the US Food



and Drug Administration (FDA)-approved CellSearch System. However, this system

requires a very large sample volume, has low sensitivity and is time consuming(52).

14.1 Ex vivo detection using nano-topographies

CTC capture efficiency can be improved by increasing the local concentration of
capture substrate or by coupling the substrate with surface functionalizing molecules, such
as antibodies or aptamers. For example, microfluidic chip assays composed of PDMS
microposts with a surface coating of anti-EPCAM antibody can concentrate CTCs in
smaller sample volumes(50) than systems without antibody coating. Silicon nanopillars
further improve CTC capture by clustering antibodies through binding to streptavidin or
gold(53). Aptamer-functionalized gold nanopillar arrays show efficient cell release through
cleavage of the sulfur—gold bonds between the aptamers and the gold nanopillars(54).

CTC purification and capture can also be achieved using artificial nanoscale
topographies, mimicking structural features and dimensions of ECM(52). Cancer cells
preferentially adhere to nanostructured rough substrates compared with smooth substrates,

even in the absence of surface functionalization with antibodies(22). For
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Figure 1.3 Next-generation material-based cancer technologies.

The specific interactions between cancer cells and the tumor stroma can be exploited for the detection of
cancer cells. a | Magnetic resonance imaging (MRI) or positron emission tomography (PET) contrast agents
can be conjugated with extracellular matrix (ECM)-affinity peptides to create specific probes to target the
dense ECM of the tumor stroma for the detection of mature tumors in vivo. b | Implantable scaffolds can be
used to recreate a pre-metastatic niche at the implant site, recruiting cells for capture and therapy and at the
same time lowering the tumor burden in typical secondary metastasis sites. ¢,d | Confinement assays or
adhesion assays can be applied to test cells obtained from tumor biopsy samples for their aggressiveness by
measuring cellular deformation or adhesion to specific ECM molecules. Omega (w) is the angular velocity
that defines the shear stress applied to cells. e | Circulating tumor cells (CTCs) can be isolated from patient
blood samples using nano-topography assays that take advantage of the affinity of CTCs for nano-roughed
substrates.

example, fractal nanostructures have an uneven topography and a crystalline structure,
which increase cancer cell binding to the surface(23, 24).

Fractal nanostructures can be generated from synthetic materials, such as TiO2,
with inverse opal photonic crystals to mimic cellular components or natural materials, such

as hydroxyapatite nanostructures of seashells(24, 55). Alternatively, rough nanoscale
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substrates can be fabricated with an antiEPCAM antibody-coated, mesh-like silicon
nanowire substrate and overlaid with a PDMS-based chaotic mixer(56, 57). These systems
show a >95% capture efficiency of EPCAM-positive MCF7 breast cancer cells, which is
more than 20-fold higher than EPCAM antibody-coated smooth substrates(58, 59). The
addition of electrospun-thermoresponsive nanofibers enables an even higher capture
efficiency and allows on-demand release and single-CTC analysis, for example, for next--
generation sequencing(57). Cell release can also be achieved by using degradable zinc--
phosphate nano-substrates(60).

Nanostructured surfaces enable high capture efficiency but cannot provide high cell
purity owing to nonspecific cell adhesion. Dual-functional lipid coating can be applied to
improve the capture specificity of nanopillars owing to the higher concentration of anti-
body on the surface and inhibition of nonspecific cell adhesion(67). Poly(carboxybetaine
methacrylate) brushes also decrease nonspecific cell adhesion, and the active carboxyl
groups capture CTC-specific biomolecules(62). These nanostructure-based methods
enable ex vivo detection of CTCs, demonstrating how specific ECM properties, such as
topography, can be exploited to increase capture efficiency and provide a strategy for pro
active disease monitoring. It has been suggested that CTC detection probability scales with
patient mortality(50) and, thus, technologies for the continuous detection of CTCs could
provide a strategy to detect cancer cell metastasis early enough to substantially increase

patient survival.

14.2 In vivo cell detection using implantable materials
Biomaterials can also be implanted to monitor tumor progression in vivo(63, 64).

According to Paget’s seed and soil hypothesis, secondary metastases do not occur
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randomly(635). Specific microenvironments are primed for tumor cell colonization through
the presence of tumor-supportive fibroblasts, endothelial progenitor cells, immune cell
secreted factors and ECM-remodeling events(63, 64, 66). Current imaging techniques are
limited in their ability to detect micro-metastases that form at distal sites(63, 64, 66), which
reduces their prognostic capabilities and offers an area of opportunity for biomaterial-based
solutions.

For example, microporous scaffolds such as poly(lactide-co-glycolide) acid
(PLGA) can be implanted to recruit and capture metastasized cells. Breast cancer cells that
have metastasized to the brain can be injected into the fat pads of mice and entrapped in an
implanted PLGA scaffold. Mice with scaffolds implanted to capture circulating cells
develop fewer lung tumors(64) than animals without any implanted material, indicating
that the scaffolds reduce secondary metastases formation. Poly(e-caprolactone) (PCL) has
similar physical proper ties to PLGA but degrades more slowly(63). PCL scaffolds can
also be used to recruit tumor and immune cells, which are implicated in establishing a
premetastatic niche, and to decrease the number of detectable tumor cells in common
secondary sites(63, 67-69). Additional modifications, such as graphene oxide (GO)
functionalization, can further increase cancer cell adhesion compared with non-
functionalized scaffolds(70). GO addition to the scaffold can also enable photothermal
ablation of cancer cells within the scaffold owing to the near-infrared absorbance of
GO(70, 71), demonstrating how implantable scaffolds can be used for both cancer cell
capture and therapy. Besides chemical modifications, scaffolds can also be coated with
ECM proteins, including fibronectin and type IV collagen, to improve scaffold capture

efficiency. Each tumor type is characterized by specific ECM combinations and thus
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scaffolds can be coated with a tumor-specific ECM that supports metastases(/6) to improve
cancer cell recruitment. For example, coating with decellularized lung or liver matrix of
metastatic tumors substantially increases capture efficiency(66).

Matrix is not the only niche component that can be used to improve cell capture.
Cancer cell-secreted exosomes or haptoglobin can also be incorporated into synthetic
scaffolds to create a bioengineered niche that captures metastatic cells more effectively
than tissues to which cells commonly metastasize and increases survival in animals
implanted with these scaffolds(72, 73). Natural materials such as silk can also be
functionalized with proteins, such as bone morphogenetic protein 2 (BMP2), to mimic a
bone marrow microenvironment. This material can serve as a surrogate for a premetastatic
niche and recruit metastasizing cancer cells that would normally home to bone marrow(74).
In particular, BMP2 increases the adhesion of metastatic prostate and breast cancer cell
lines to the scaffold(74, 75). Such scaffolds can be implanted to capture tumor cells, reduce
the tumor burden on standard metastatic organs and prevent the local remodeling of tissue
into a premetastatic niche, making them potent therapeutic tools to detect, capture and
ablate metastasized cancer cells. However, these scaffolds do not have an inherent

proclivity to capture specific cell types.

143 Ex vivo cell detection using physical properties

Cells migrate through the stromal ECM through con fined pores, which can be
smaller than the nucleus of the cell. To achieve this, cells can either degrade adjacent matrix
using MMPs(76) or physically deform it(77). Increased MMP expression and decreased
nuclear size(78, 79) are associated with aggressive cancers and thus cell deformability is

emerging as a marker for the invasive potential of cancer cells(80). Assays for the inves-
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tigation of cellular deformability exploit the variable pore size in the ECM to shed light on
the relationship between the degree of deformation and the corresponding invasive and
metastatic potential. The most common strategy is to microfabricate channels — for
example, in PDMS — with defined geometries and track cellular movement. Cells with
low expression of nuclear lamina proteins, which contribute to nuclear stiffness, pass more
quickly through narrow regions(77) than cells with high lamin A and/or lamin C expression
and stiff nuclei. Specific deformation tolerances can be assessed using funnel-shaped
constrictions in series(8/) or in parallel to analyze cell transition effects(82). Metastatic
cells modulate their morphology, as they are forced into confined spaces more than their
nonmetastatic counterparts, resulting in faster and larger deformation events(82). Highly
metastatic cells can even rupture and reassemble their nuclear envelops when they
encounter transit constrictions(35). Intravasation constitutes one of the most restrictive
parts of the journey of a metastasizing cell. Microfluidic devices with cell and nutrient
chambers separated by microchannels of varying width can be used to determine the
minimum gap that cancer cells can migrate through in confined environments. Such a
device has been applied to demonstrate that the nucleus is a crucial limiting factor for a
cell to be able to traverse confined environments(83).

Constrictive devices rely on cell-generated forces; alternatively, external
hydrodynamic forces can be applied to deform cells. Opposing flows, that is, hydro
dynamic stretching, can uniformly deform cells, and the degree of deformation can be
controlled by simply changing the flow rate(§4) or through pinched-flow stretching in a
single inlet(85). The latter design forces cells to flow in the center of the channel, siphons

fluid on the sides of the channel away from the cells and then compresses the cells when
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the fluid is added back to the channel(85). These assays can be applied to analyze cell
deformability of single cells or populations of cells using pressure-driven microfiltration
systems. Using these systems, it has been observed that induction of EMT or drug
resistance leads to an increase in cell deformability(86). Such microfiltration devices
enable high-throughput assessment of transit time and deformability(87) to investigate a
population of cells from a tumor. These assays, applying forces either internally or
externally, measure internal features of the cytoskeleton that are found in metastatic but
not in nonmetastatic cells. Therefore, microchannel assays can be useful as diagnostic tools
to assess the aggressiveness of cells isolated from tumor biopsy samples and to observe the
effect of cancer therapies on cell deformability and thus disease progression.

Adhesion properties and mechanisms provide another physical metric to determine
the metastatic potential of cancer cells. Assays that apply negative pressure to detach
cells(88), to assess binding efficiencies to ECMs(89) or to analyze adhesion turnover(90)
have demonstrated that adhesion is modulated differentially in meta static cancer cells
compared with in nonmetastatic cells. For example, metastatic cancer cells can move
rapidly through tissue through increased cation sensitivity that leads to more rapid
formation and disassembly of focal adhesions than in their nonmetastatic counterparts(97).
Cell-matrix adhesions are directly modulated by magnesium, manganese and calcium
cations, which increase integrin affinities for matrix proteins in proportion to their
concentration. The concentration of cations is ten fold lower in the stroma than in the
tumor(92, 93). Thus, once metastatic cells reach the stroma, only cells with labile adhesions
can migrate. Indeed, cancer cell adhesion strength to fibronectin and type I collagen at low

cation conditions correlates with metastatic potential; within a highly metastatic cell
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population, the subset of cells with high adhesion strength is less migratory and invasive
than malignant and noncancerous epithelial cells or strongly adherent metastatic cells(97).
Analyzing the weakly adherent cell fraction enables the determination of the metastatic
potential of a tumor in situ. Each of the above-discussed assays yields valuable information
about the metastatic potential of cancer cells, which could make such devices useful

diagnostic tools for prognostic assessment and for determining a course of treatment.

144 Non-invasive surveillance of tumor-adjacent stroma

Interaction with the surrounding matrix is an important regulator of cell
dissemination, and various matrix properties can act as markers to detect and/or capture
highly invasive cells that are predisposed towards tumor formation. Exploiting the
similarities of tumor microenvironments across different cancer types opens up avenues
for monitoring the presence and growth of primary tumors. For example, overexpression
of integrins, common matrix signatures(/6) and overexpression of specific MMPs can act
as prognostic indicators of the metastatic potential of tumors in patients with primary breast
tumors(94). Unlike most physical parameters of the ECM, the composition of the tumor--
adjacent stroma can be noninvasively monitored, making it an attractive property for the
assessment of tumor progression in patients.

In addition to biochemical surveillance, imaging methods are also being explored
using material-based probes. For example, a combination of high-affinity fibrin peptides
and tracer molecules (that is, radioisotopes) that are detectable by magnetic resonance
imaging (MRI) or single photon emission computed tomography (SPECT) are being
developed to assess increased fibrin deposition in tumors(95, 96). Antigen-binding

fragment (Fab) probes can be combined with a radioisotope to image fibrin clots in the
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tumor microenvironment(97). Such probes also demonstrate low retention times in non-
target tissue in vivo(96, 98). Fibronectin is also over expressed during EMT, making it a
prime target for early cancer detection probes(94, 99-101). Similar to MRI contrast agents

for fibrin, gadolinium-based MRI contrast agents can be used to target fibronectin—fibrin

complexes, demonstrating robust detection of the primary tumor and of >0.5 mm3 micro-
metastases(99). Most current strategies target major ECM components; however, probes
that target more tumor-specific ECM elements, such as periostin in esophageal
cancer(/02), could improve detection specificity, decrease background signaling through
rapid clearance of non-bound contrast agents(94) and increase tissue penetration depth
owing to their small size. These approaches, which are still being developed, enable us to
image tumors with increasing spatial resolution, but they do not provide information about

the aggressiveness of tumors.

1.5 Perspectives and conclusion

Strategies to understand and detect tumors have greatly improved our ability to
recognize and assess specific tumor pathways and cell behaviors that are indicative of
disease progression. As the field matures, cancer diagnosis and treatment will most
certainly involve more materials-based approaches to address shortcomings in our ability
to model, detect and treat cancer. Despite the development of a variety of dynamic,
synthetic biomaterials applicable for the modelling and study of cancer, Matrigel is still
most commonly used by cancer biologists for 3D cell culture systems even though it is

highly variable, difficult to purify and derived from a mouse tumor. Therefore, the field of
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material science must continue to evolve and incorporate tunable synthetic materials to
help understand the cell behaviors induced by these increasingly complex materials.

As the biomaterials community, we also aim to clinically translate lessons learned
from in vitro models to diagnostic assays. The substantial progress made in our
understanding of the tumor as a material and in detecting and capturing cancer cells makes
this an exciting time for material based cancer research. There are great opportunities to
improve our basic understanding of cancer and also our detection and treatment
capabilities, for example, investigating tumor—stroma interactions in reductionist matrix
systems, developing a complete tumor-in-a-dish model (including intravasation and
extravasation) and understanding how ani mal models reflect clinical outcomes.
Improvement of detection probes using biomaterials, whether invasive or not, is also a
growing research area, which is reflected in the expanding body of literature. For example,
during tumor growth, collagen, fibrin and hyaluronan concentrations increase in the
surrounding ECM, and the matrix stiffens and is aligned by lysyl-oxidases(5, 103, 104) to
facilitate invasion(94, 105). Potential therapeutic avenues include the use of proteases to
degrade matrix proteins and decrease stiffness to improve drug penetration. Conversely,
hyaluronidase, which degrades the extracellular glycosaminoglycan hyaluronan, can be
inhibited to limit tumor growth and metastasis(/06, 107). Clinical trials of hyaluronidase
delivery have demonstrated its safety(/0S8), and a phase III study is currently being
conducted (NCT02715804). Finally, future improvements in treatment options using
biomaterials will ultimately impact clinical outcomes. For example, altering ECM structure
could improve nanoparticle and drug delivery, resulting in more effective, deeper--

penetrating therapies and improved patient outcomes(/03, 109-112). In addition to
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enzymatic strategies, physical disruption of the matrix using high intensity ultrasound can
be used to improve the penetration of nanoparticles into the tumor tissue without damaging
sur rounding tissues(/09). Thermal strategies with nanotubes(//3) or gold nanorods(//4)
can also be applied to denature the collagen matrix and increase tumor diffusivity.

Using biomaterials for the modelling, detection and treatment of cancer is a
promising strategy. Another important contribution of material science in the near future
will be to help rectify the differences in disease progression and treatment between humans,
animal models and patient-derived xenografts(//5). Biomaterial-based models are
reductionist in nature; thus, their application in vivo could improve the reliability of animal
models, making them more predictive of patient outcomes(//6). Animal models are
considered the standard assay for tumor biology, and material-based in vivo strategies are
required to understand the differences between humans and animal models. For example,
recombinant, chemically defined natural(//7) or synthetic(//) biomaterials could be used
that can actively modify tissue properties(5). Such materials have already enabled the
identification of cancer stem cells and mechano-transduction mechanisms and have
demonstrated how material properties can drive tumorigenesis, making future applications
in vivo promising.

The examples discussed in this chapter demonstrate that biomaterials can serve as
powerful tools to replicate mechanisms of disease and the response to treatments in vitro.
The materials-based strategies that have enabled these discoveries should be broadly
applied in the future to further improve our understanding of cancer biology and to begin

to impact clinical outcomes.
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Chapter 2.
Metastatic state of cancer cells may be

indicated by adhesion strength

2.1 Abstract

Cancer cells within a tumor are heterogeneous and only a small fraction are able to
form secondary tumors. Universal biological markers that clearly identify potentially

metastatic cells are limited, which complicates isolation and further study. However, using

physical rather than biological characteristics, we have identified Mg2+- and Ca2™-
mediated differences in adhesion strength between metastatic and nonmetastatic mammary
epithelial cell lines, which occur over concentration ranges similar to those found in tumor

stroma. Metastatic cells exhibit remarkable heterogeneity in their adhesion strength under
stromal-like conditions, unlike their nonmetastatic counterparts, which exhibit Mg2+- and
Ca?"-insensitive adhesion. This heterogeneity is the result of increased sensitivity to

Mg2+- and Ca?t-mediated focal adhesion disassembly in metastatic cells, rather than
changes in integrin expression or focal adhesion phosphorylation. Strongly adherent
metastatic cells exhibit less migratory behavior, similar to nonmetastatic cell lines but
contrary to the unselected metastatic cell population. Adhesion strength heterogeneity was
observed across multiple cancer cell lines as well as isogenically, suggesting that adhesion

strength may serve as a general marker of metastatic cells.
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2.2 Introduction

Cancer cell dissemination is a highly coordinated process in which a cell detaches
and migrates away from the primary tumor to form a secondary metastatic site(//8).
However, only a small subset of cancer cells from a tumor or even from a cancer cell line
are capable of causing secondary tumors in vivo(//7). Successful dissemination requires
collagen fiber deposition, alignment, and cross-linking in the adjacent stromal matrix(3, 5)
to create tracks on which cells migrate. However, this will only occur in cells with labile
adhesions(/79). Focal adhesion (FA) turnover permits the migration required of invasive
cancer cells(7/20), which tend to have more dynamic FAs than noninvasive cancer cells(90,
121). Due to the lack of a consistent set of biomarkers that predict metastatic potential
across solid tumors(/22), a systematic quantification of adhesion strength could result in a
unique biophysical metric to identify highly metastatic cells within a broader tumor cell
population. Furthermore, a quantification of tumor cell adhesion strength could serve as a
predictor of the metastatic potential of a solid tumor.

Population-based adhesion assays, e.g., the spinning-disk shear assay(/23), can
monitor FAs by measuring adhesion strength. Specifically, by analyzing the magnitude of

shear needed to detach 75% of the cell population (denoted by t,5), we are able to quantify

the adhesion strength of a cell population and correlate it with FA assembly. In addition,
the spinning-disk shear assay can capture adhesion heterogeneity within a population(/24).
For example, by plotting a log shear stress versus linear cell density profile, we are able to
analyze the logarithmic slope for the resulting sigmoidal curve. From these data, we are
able to determine the attachment heterogeneity of a cell type in a variety of conditions. In

contrast, single-cell, single-shear, and wash assays cannot quantify these values(/6, 88,
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121, 125-127). Although some studies have shown a correlation between changes in
adhesion and secondary tumor development(/6, 88, 127), substantial phenotypic
heterogeneity can exist even within a single cancer cell line(/28). Thus, understanding the
adhesive heterogeneity within an invasive population may improve our ability to physically
monitor cancer cells and predict invasive behavior. Population-based adhesion assays also
provide a reductionist niche for determining sensitivity to culture conditions (e.g., cation
concentration and matrix composition)(/24). This is especially important because breast
tumors have higher magnesium (Mg) and calcium (Ca) concentrations than healthy breast
tissue(92, 93). Clinically, lower stromal cation concentrations have been associated with
increasingly metastatic(/29) and aggressive(/30) tumors. As cancer cells migrate into the
stroma, lower Mg?* and Ca®" concentrations may decrease integrin activation(/3/) and
clustering(/32, 133), thus favoring the labile adhesions required for cancer cell
migration(//9). These data appear consistent with observations that integrin activation is
inversely proportional to the metastatic potential of mammary cell lines(/27), whereas
traction forces are proportional(8). These data collectively suggest that heterogeneity in the
adhesion-strength profile in stromal conditions may act as a biophysical marker, indicating
the presence of a subset of metastatic cancer cells that are capable of disseminating into the
stroma with lower Mg?" and Ca?" concentrations. Thus, we hypothesize that strongly
adherent cells within a metastatic cell line will be the least migratory, and that adhesion
strength is regulated by the sensitivity of assembled FAs to stromal Mg?*"and
Ca?" concentrations.

To understand how Mg?* and Ca?" influences cancer cell adhesion, we performed

a spinning-disk analysis on epithelial and invasive cancer cell lines across a spectrum of
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metastatic potentials while varying the Mg?* and Ca*" levels. We observed a remarkable
cellular heterogeneity and a decrease in cellular adhesion strength during the spinning-disk
analysis. This was quantified by a decrease in logarithmic slope and a leftward shift in
the 725 value when shear stress was plotted versus cell density. This phenotype was only
present in low Mg?" and Ca*' conditions for metastatic cell lines. These observations
correlated with FA disassembly and were recapitulated in nonmetastatic cell lines that had
been transformed to mirror their metastatic counterparts. The data further establish that
metastatic cells with less labile adhesions and higher adhesion strength have reduced
migration in collagen gels and transwell assays. These behaviors were independent of
tumor and tissue type and were demonstrated isogenically. These results support the

concept that adhesion strength may act as a universal biophysical regulator of metastasis.

2.3 Results

231 Mg?* and Ca’?* concentrations influence the adhesion heterogeneity of
metastatic cells

To disseminate from primary tumors, metastatic cancer cells must invade adjacent
stroma, which requires a transition from stable to labile adhesion. Using a spinning-disk
device (Fig. S2.1), we measured the adhesion strength, 725, of mammary epithelial cell lines
of varying metastatic potential. At physiological (serum) cation concentrations, i.e., 0.5
mM Mg? and 1 mM Ca?>" (denoted as PBS + MgCa), the adhesion strengths of
nontumorigenic MCF10A cells, tumorigenic but not metastatic MCF7 cells, and
tumorigenic and metastatic MDAMB231 cells to fibronectin were very similar, with no

dramatic differences (Figure 2.1, black). Mg?" and Ca?" concentrations differ between a
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healthy niche and tumor niche(92, 93), and their removal during 5 min of shear application
only slightly reduced the adhesion strength of MCF10A and MCF7 cells. However, the
removal of Mg?" and Ca?' significantly reduced MDAMB231 cell adhesion strength
(Figure 2.1, red) by more than an order of magnitude (Figure 2.1E). Notably, the cell
adhesion strength of the latter metastatic cell line was very heterogeneously distributed,
with a significantly lower logarithmic slope versus nonmetastatic lines (Figure 2.1F).
Given the significant genetic differences between these lines, we also assessed the adhesion
strength of H-Ras-transformed MCF10A cells (labeled MCF10AT cells), which give rise
to invasive carcinoma in vivo(/34). As was the case with MDAMB231 cells, the
MCF10AT cells showed Mg?" and Ca®" sensitivity, with lower 125 and slightly more
heterogeneity than MCF10A cells (Figure 2.1D, open versus closed data points). In contrast
to fibroblasts(/24), shear forces in the presence of Mg?** and Ca** did not induce large
changes in size for any of the cell lines tested. Furthermore, in the presence of Mg?" and
Ca?", variation in cell size across different cell lines was within the same order of
magnitude. In these analyses, we visually assessed the cells to ensure that they were
sufficiently spaced apart to prevent cell-cell interactions from disrupting the shear analysis
(Fig. S2.2).

Although these data were obtained over a wide range of Mg?" and Ca®

concentrations, concentration gradients likely exist between the tumor and adjacent
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Figure 2.1. Adhesion strength is heterogeneous for metastatic mammary epithelial cells in a stromal-like
niche.

(A-D) Normalized cell density is plotted versus shear stress for (A) MCF10A (closed) and MCFA10T (open),
(B) MCF7, (C) MDAMB231, and (D) MCF10AT cells. Shear stress was applied in buffer with (black) and
without (red) 0.5 mM Mg?" and 1 mM Ca*". 125, i.e., the shear to detach 25% of cells (also referred to as
adhesion strength) is indicated in each plot. (E) Plot showing the average adhesion strength for cells exposed
to shear in PBS buffer with (black) and without (red) cations. Crosshatched bars indicate data from
MCF10AT cells. (F) Plot of the absolute magnitude of the logarithmic fit slope for each cell line and cation
condition. All shear plots represent binned averages from biological triplicate experiments performed across
multiple, overlapping shear ranges. All adhesion-strength assays were performed using fibronectin-coated
coverslips. All other plots have n > 3. To see this figure in color, go online.
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stroma(92, 93). We found that homogeneous and strong adhesion strengths for metastatic
cells, i.e., high 125 and a logarithmic fit slope in density versus shear plots, could be
gradually restored with increasing cation concentrations (Fig. 2.2 A), independently of
cation type (Mg or Ca), with significant sensitivity at tumor and adjacent stroma
concentrations (Fig. 2.2 B). Mg?**- and Ca?*-dependent adhesion heterogeneity was also
observed on type I collagen and could be gradually restored with increasing Mg?* and Ca*
concentrations (Fig. 2.2, C and D). Conversely, adhesion strength changes were minimal
for nontumorigenic cells, which always exhibited strong adhesion (Fig. S2.3). Thus,
metastatic mammary epithelial cells likely adhere in a metastatic- potential-dependent
manner based on a subset of FA parameters.

Adhesive heterogeneity also extends beyond MDAMB231 cells to other metastatic
cells. For comparison, we analyzed metastatic MDAMB468 and SUM 1315 mammary cells
by spinning-disk assay to determine the heterogeneity of their adhesion strength. The cells
were sufficiently spaced apart to enable measurements of only the cell- matrix adhesion
strength(/35) (Fig. S2.2). Although it was not as robust as that observed for MDAMB231
cells, their adhesion strength was also heterogeneously distributed in terms of a lower 125
and logarithmic fit slope, especially in comparison with BT20, an invasive but non-
metastatic mammary cell line, and BT549, a nonmalignant and nonmetastatic mammary
cell line. PC-3 prostate carcinoma cells, a tumorigenic and highly metastatic cell line, also
exhibited heterogeneously distributed adhesion (Fig. S2.4), indicating that common FA

parameters may make adhesion strength a unique biophysical metric of cell state.
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Figure 2.2. Adhesion strength can be titrated but is independent of the matrix ligand type.

(A) Representative plot for MDAMB231 cells bound to fibronectin-coated coverslips versus the applied
shear. Each color corresponds to the indicated cation condition; 7,5 is indicated. (B) Plot of the average
7,5 adhesion strength for MDAMB231 cells bound to fibronectin-coated coverslips versus cation
concentration. The data are plotted separately for modulation of Mg** (black squares) or Ca’" (red
circles), but the sigmoidal fit is for the combined data. The cation concentration range for the indicated
tissue is provided for reference based on Seltzer et al.(92, 93). (C) Representative plot for MDAMB231
cells bound to collagen type I-coated coverslips versus the applied shear. Each color corresponds to the
indicated cation condition; 7,5 is indicated. (D) Plot of the average 7,5 adhesion strength for
MDAMB231 cells bound to collagen type I-coated coverslips versus cation concentra- tion. The data
are plotted separately for modula- tion of Mg>" (black squares) or Ca’* (red circles), but the sigmoidal
fit is for the combined data. All shear plots represent binned averages from biological triplicate
experiments performed across multiple, overlapping shear ranges. All other plots have n > 3. To see this
figure in color, go online.

23.2 Adhesion heterogeneity correlates with a migratory phenotype
Although metastatic mammary epithelial cells display adhesive heterogeneity in a
niche with low concentrations of Mg and Ca, it remains unclear how adhesion differences

affect migration. We assessed cell migration in cell media containing physiological Mg
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and Ca concentrations first by selecting for strongly adherent cells, as outlined in Fig. 2.3
A. Migration appeared to change with relative adhesive heterogeneity in the absence of Mg

and Ca; for example, minimal migration was observed for MCF10A cells and MDAMB231

cells selected with 45 dynes/cm2 shear, whereas unselected MDAMB231 cells were
significantly more motile (Fig. 2.3 B) and progressive in their migration. Migration of
unselected MDAMB231 cells in collagen gels was increasingly persistent and linear with
collagen concentration. Conversely, strongly adherent cells selected with high shear
progressively lost their persistent, linear migration (Fig. 2.3 C). Other metastatic mammary
cells, i.e., SUM1315, also demonstrated adhesive heterogeneity (Fig. S2.4), exhibiting
more persistent, linear migration on collagen-coated, planar substrates than on collagen
hydrogels. Migration of unselected SUM1315 cells, however, was more persistent and
linear on collagen hydrogels compared with strongly adhering cells (Fig. S2.5 A).
Migration of PC3 prostate cancer cells was also more persistent and linear with the
unselected cell population (Fig. S2.5 B). These data suggest that shear selection can
selectively isolate highly adhesive, Mg- and Ca-independent MDAMB231 cells, which
appear to be less migratory than unselected MDAMB231 cells. Cell migration was also
assessed using a transwell assay over 48 h. Relative to MCF10A cells, twice as many
unselected MDAMB231 cells migrated through the pores. Metastatic cells demonstrating
a strongly adherent phenotype during shear selection also exhibited decreased migration in
the transwell assay. Interestingly, a significant number of MDAMB231 cells detached from
the transwell insert and reattached to the chamber bottom. Significantly more MDAMB231

cells underwent this process compared with
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Figure 2.3. The weakly adherent subpopulation of MDAMB231 cells is highly migratory.
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(A) Schematic of the selection assay, where Parafilm is used to block the center of the coverslip so that
cells only adhere to regions exposed to high shear stress. After trypsinization from collagen- coated
coverslips, the cells are re-plated in migration or transwell assays. (B) Rose plots of cell migration
trajectories for the indicated cell lines and shear stress selection conditions. Each trajectory represents
an individual cell path on a collagen-coated substrate, as observed over 24 h. (C) Total cell displacement
over 24 h for the indicated cell lines, shear stress selection conditions, and substrates. Each bar
represents experiments performed in biological triplicate with >20 per sample and with each cell
trajectory quantified at 15 min intervals over 24 h of imaging. (D) At left is an illustration of the
transwell migration assay, indicating cells that have migrated through the pores of the membrane (green;
referred to as the ceiling) and those cells that subsequently detached and reattached to the bottom of the
well (gray). At right are graphs of cell density for the indicated cell lines and shear stress selection
conditions. Cell densities on the ceiling of the insert (top) and bottom of the well (bottom) are shown
separately and represent the results of triplicate biological replicates. **p < 0.01, ***p < (0.001.

MCF10A (Fig. 2.3 D). Thus, the highly adhesive, Mg- and Ca-independent MDAMB231
cells appear to be less migratory than their unselected counterparts, which contain a highly

migratory subpopulation.
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Figure 2.4. FAs are more Mg?* and Ca®" sensitive in MDAMB231 cells than in MCF10A cells.

(4) Flow-cytometry profiles for the indicated integrins of MDAMB231 cells that were previously
exposed (red) or not exposed (orange) to shear stress in the absence of cations. Unstained controls (blue)
are shown for reference. (B) Representative Western blots for pFAK, total FAK, and GAPDH are shown
for the indicated cells exposed to the indicated cation conditions for 5 min. Quantification of band
intensity, normalized to GAPDH and total FAK, is shown for MCF10A and MDAMB231 cells with
and without Mg?* and Ca?*. (C) Images of MCF10A cells in the indicated buffer conditions for 5 min
without shear. Upper images are lower magnification and show cells stained for actin (red) and DNA
(blue). Lower images are at higher magnification for the same conditions as the upper images and were
stained for paxillin (green), actin (red), and DNA (blue). (D) Scatter plot of MCF10A cells, counting
the number of FA plaques per square micron. (£ and F) Frequency plots of MCF10A cell area and
aspect ratio. (G) Images of MDAMB231 cells in the same conditions indicated in (C) for MCF10A
cells. Open and closed arrowheads in (C) and (G) indicate cells with and without visible FAs,
respectively. (H) Scatter plot of MDAMB231 cells, counting the number of FA plaques per square
micron. (/ and J) Frequency plots of MDAMB231 cell area and aspect ratio. In (D—F) and (H-J), cells
incubated with and without cations for 5 min before measurement are shown in black and red,
respectively. The scale bar represents 50 um for all images. All adhesion assays were performed with
fibronectin-coated coverslips. **p < 0.001. All frequency and dot plots represent triplicate experiments
analyzing 500+ cells per condition.
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233 Labile FAs reduce adhesion strength and enhance migration in metastatic
cells.

Although these data illustrate adhesive differences and their correlation to a
migratory phenotype, they do not suggest an origin for these differences. Strongly adherent
MDAMB231 cells did not differentially express integrins (Fig. 2.4 A), nor did
phosphorylation of FAK change between MCF10A and MDAMB231 cells as a function
of shear exposure (Fig. 2.4 B), suggesting a structural mechanism. Consistent with their
adhesion strength, MCF10A cells did not fully disassemble their FAs (Fig. 2.4, C and D)
and maintained their size and shape (Fig. 2.4, E and F) after Mg?* and Ca?* removal in the
absence of shear. Conversely, metastatic MDAMB231 cells disassembled their FAs (Fig.
2.4, G and H) without significant changes in their size or morphology (Fig. 2.4, I and J).
Thus, Mg?" and Ca?" sensitivity in the absence of shear suggests that MDAMB231
adhesions are transient and independent of the amount of elapsed culture time before shear
application.

Although MCF10A cells did not exhibit Mg?*- and Ca?’- sensitive adhesion, we
next asked whether we could induce FA disassembly and adhesion strength heterogeneity
in these cells. Cells were seeded onto a fibronectin-coated substrate and pretreated with the
fibronectin integrin-blocking peptide RGD. When the fibronectin-binding integrins were
blocked, cells without Mg?* and Ca®* exhibited statistically fewer FAs per area (Fig. 2.5,

A and B). These data are consistent with fewer FAs but a different distribution from
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Figure 2.5. Integrin blocking reduces cation-dependent adhesion strength in nonmalignant cells.

(4) MCF10A cells were stained for paxillin (green) and nuclei (blue). Open and closed arrowheads
indicate FAs for the indicated RGD culture condition. Scale bars, 100 um. (B) Plot of the number of
FAs per cell area for cells without (black) and with (red) RGD. (C) Normalized cell density is plotted
versus shear stress for cells without (black) and with (red) RGD. The inset shows the
average 125 adhesion strength for each condition in dynes per square centimeter. *p < 0.05. All dot plots
represent triplicate experiments analyzing >20 cells per condition. Shear plots represent binned averages
from biological triplicate experiments performed across multiple, overlapping shear ranges. All
adhesion-strength assays were performed using fibronectin-coated coverslips. (D) Plot of cell velocity,
in micrometers per hour, for cells treated (red) or not treated (black) with RGD on fibronectin-coated
coverslips. **p <0.001 for comparisons with unpaired #-test with Welch’s correction. To see this figure
in color, go online.

MDAMB231 cells (Fig. 2.5 B versus Fig. 2.4 H). When exposed to shear, RGD-treated
MCF10A cells exhibited lower adhesion strengths but were not as heterogeneous as
MDAMB231 cells (Fig. 2.5 C), possibly due to uniform integrin blocking with RGD
ligand. Free RGD improved cell migration velocity (Fig. 2.5 D) to rates similar to those
observed for MDAMB231 cells versus untreated nonmetastatic cells. Overall, these data
suggest that FAs in metastatic cells are more Mg?* and Ca®* sensitive than those in non-
metastatic cells and disassemble in stromal conditions (in contrast to nonmetastatic cells),

thus driving the metastatic potential.

24 Discussion
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Cancer is a heterogeneous disease, which can be observed in comparisons between
tumors, across cell lines, and even within a single cancer cell population. Complex tumor
genotyping has been used to predict metastatic risk(/36, 137), and although these
predictions are successful for some tumor subclasses(/38), they do not identify the
functional mediators of metastasis(/39). Even in model cell lines, a subpopulation may
develop increased metastatic potential under certain conditions that could inhibit metastasis
for others. Rather than using biomarker(s) to predict metastatic potential(/22), we tested a
functional assay that allows the strength of cell adhesion to an underlying substrate to be
observed ex vivo and in the appropriate context (i.e., with specific Mg?* and Ca?*
concentrations to recapitulate tumor stroma)(92, 93). It has been observed that lower cation
concentrations, akin to those found in tumor stroma, create labile adhesions(//9) and lead
to increased metastasis(/29) and invasion(/30). We demonstrated that 1) a systematic
quantification of metastatic versus nonmetastatic cells can reveal different adhesive
phenotypes, and 2) that these differences are driven by changes in FA dynamics resulting
from stromal niche conditions.

Cell-matrix adhesion is an exceedingly dynamic process(//8). To capture that
complexity in a context-specific manner, a systematic quantification of adhesion under
appropriate tumor and stromal cation conditions is required. Classic wash assays involve
cells adhering for a short period of time (<1 h), with subsequent rinsing steps to remove
unbound cells(/26). The undefined shear in such assays makes it difficult to quantitatively
assess cancer cell adhesion. Although centrifugation and micropipette assays can impose a
single shear amount per culture, they typically indicate that the number of bound cancer

cells(/6, 88, 127) and the amount of activated integrin(/27) is inversely proportional to the
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metastatic potential of those cells. However, with the spinning-disk device, force is applied
in a quantifiable and reproducible manner across the population(/23). Furthermore, cation
concentrations can also be probed directly since the cells remain in media(/24). Under
conditions that recapitulate estimated tumor Mg?** and Ca*" concentrations, e.g., 0.1-0.5

mM(92, 93), we found that several mammary cell lines had adhesion strengths be- tween

300 and 400 dynes/cmz, regardless of the metastatic potential. At lower stromal cation
concentrations, metastatic cells became significantly weaker and displayed adhesive
heterogeneity, whether they originated from mammary (MDAMB231, SUM1315, and
MDAMBA468) or prostate (PC3) cancers. In contrast, nonmetastatic cell lines did not
demonstrate significant adhesion strength heterogeneity. Moreover H-Ras transformation
of a nonmetastatic cell line caused it to adopt adhesive heterogeneity only in Mg?**- and
Ca?*-free conditions, indicating that independently of their genetic background, metastatic
cell lines vary significantly in adhesion strength. Together with previous findings(/6, 8,
127), these data establish an adhesion dependence on stromal-like conditions for a subset
of metastatic cells.

The mechanism(s) behind adhesive heterogeneity and cation sensitivity in cells
appears to be complex, whether the cells are selected by shear or not. Although metastatic
behavior was previously linked to diminished integrin activation(/27), we found no change
in integrin expression or FAK phosphorylation that was independent of the buffer
conditions used. However, blocking ion channels in meta- static mammary and prostate
cancer cells artificially enhanced their adhesion in single-cell assays versus control
cells(88), suggesting that cation effects are plausible. Indeed, we found that MCF10A

adhesions were less cation sensitive than MDAMB231 adhesions, as their FA size and
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number changed less after Mg?* and Ca?" removal in comparison with the MDAMB231
cells. Similarly, when MCF10A cell FA assembly was modulated by the addition of soluble
RGD, the resulting changes in FAs reduced adhesion strength in a manner consistent with
that observed for MDAMB231 cells. It should be noted that MCF10A cells were more

sensitive to ligand type, although the sensitivity was always observed with adhesion

strengths well above 100 dynes/cmz. The sensitivity of MDAMB231 cells was observed
at lower adhesion strengths and also induced heterogeneous adhesion, i.e., a shallow
logarithmic slope. Under comparable matrix and cation conditions, MCF10A cells never
exhibited heterogeneous adhesion. Together, these data suggest that assembly differences
in low Mg?* and Ca?* conditions in the stroma could drive adhesion strength heterogeneity.
As such, assembly changes have been equated to differences in turnover(90) and might be
expected to create MDAMB231 cells with labile adhesions required for 3D protrusion and
migration(/40). This interpretation is consistent with metastatic and invasive behaviors
observed in low Mg?*- and Ca*"-containing stroma(/29, 130). We also showed that shear
selection of the strongly adhering subpopulation of MDAMB231 cells (>45 dynes/cmz)
suppressed their migration on collagen gels and their ability to migrate through transwells,
such that they resembled the less cation-sensitive, nonmetastatic cells. Although the origin
of increased FA cation sensitivity remains unclear, the mechanism is not specific to
mammary cells, since adhesion-selected PC3 prostate cancer cells also failed to migrate on
substrates and/or in transwell assays as did their unselected counterparts. Together, these
data suggest that there is a common heterogeneous adhesive signature in cell lines
described as having metastatic potential, and importantly, within this population is a subset

of weakly adherent, highly migratory cells.
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2.5 Conclusions

Given the heterogeneity and plasticity observed in the adhesive phenotype and the
inverse correlation between migration and strongly adherent subpopulations, the data
presented here emphasize the importance of therapeutically targeting as many cancer cell
states as possible, instead of focusing on the largest population or most aggressive
phenotypes. These data also suggest that the adhesive state, when measured in the
appropriate stromal cation concentrations, could serve as a unique biophysical marker for

highly migratory behavior in metastatic cells generally.

2.6 Methods

2.6.1 Cell culture

Cells were cultured in their respective media as indicated in Supplementary Table
2.6 in the Supporting Material, using typical formulations from Life Technologies
(Carlsbad, CA) and the American Type Culture Collection (ATCC, Manassas, VA). When
applicable, cells were selectively cultured with RGD peptides (Sigma, St. Louis, MO). All
cells were cultured at 37C in a humidified incubator containing 5% CO2. Unless otherwise
noted, cell culture products were purchased from Life Technologies. All cells were
obtained from the ATCC cell bank and verified to be mycoplasma free. Cells were also
authenticated by the ATCC based on morphology, growth curve analysis, and isoenzyme

analysis, and were passaged for <6 months after resuscitation.

2.6.2 Cell adhesion-strength assay
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Glass coverslips (25 mm, Fisher Scientific, St. Louis, MO) were sonicated in
ethanol and pure water before incubation with 10 mg/mL human fibronectin (isolated from
serum(/41)) for 60 min at room temperature. All adhesion-strength assays were performed
on fibronectin-coated coverslips unless otherwise noted, and 20 mg/mL type I collagen (rat
tail; BD Biosciences, Franklin Lakes, NJ) was used. Under regular conditions, cells were
allowed to attach for 24 h at 37C and 5% CO2 using cation-containing media. The
coverslips were then mounted on a custom-built spinning-disk de- vice and dipped into
temperature-controlled spinning buffer (37C)(/24). Phosphate-buffered saline (PBS;
without magnesium and calcium or with 0.5 mM MgCI2 and 1 mM CaCl2 (Cellgro,
Manassas, VA)) was used as the spinning buffer. All spinning buffers contained 4.5 mg/mL
dextrose. Once immersed in the spinning buffer, the coverslips were spun for 5 min at
defined angular velocities and then the culture was continued or the cells were fixed with
3.7% formaldehyde immediately after spinning.

To select for strongly attaching cells, the center of the coverslips was covered with
Parafilm that had been circularly cut with a crafting punch (The Punch Bunch, Temple,
TX) and removed before shear application to ensure that all cells were subjected to a
minimum shear. After 5 min of shear application, cells were allowed to recover in cell
culture media for 1-2 h. The remaining cells were then trypsinized and re-plated on regular

petri dish plastic. Control cells were treated likewise but without application of shear (i.e.,

0 rpm).

2.6.3 Quantification of adhesion strength
Shear stress, t, by radial fluid motion over the surface of the coverslip was

calculated(/23, 135) such that:
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T = grw/puaﬁ,

where 1 is the radial position from the center of the disk, p is the buffer density, u is the
buffer viscosity, and w is the rotational speed. To obtain quantitative information about the
adhesion strength, whole 25 mm coverslips were imaged at 10X magnification on a Nikon
(Melville, NY) Ti-S microscope (~1000 individual images stitched together with
Metamorph 7.6 soft- ware and custom macros) and analyzed using a custom-written
MATLAB (The MathWorks, Natick, MA) program. In brief, in this approach, the user
defines the outer circle of the coverslip from a stitched overview image and the software
then finds the position of each nucleus relative to the center of the coverslip. Cell densities,
as a function of radial position and subsequently shear, are stored and combined with other
measurements, e.g., those obtained at different RPMs. A sigmoidal decay fit is used to
quantify values of adhesion strength and the logarithmic slope, i.e., the fit parameter in the

sigmoid for curve steepness.

2.64 Migration assays

For two-dimensional migration experiments, tissue-culture-treated 12- and 24-well

plates were coated with soluble rat-tail type I collagen in acetic acid (BD Biosciences) to

achieve a coverage of 20 mg/crn2 and incubated at room temperature for 1 h. For two-
dimensional migration, collagen matrices at 1.2 and 2.4 mg/mL concentrations were
prepared as described elsewhere(/40). In brief, collagen was mixed with ice-cold PBS and
1 M NaOH was then added to normalize the pH to 7.0. Cells were imaged with a Nikon
Eclipse Ti-S microscope equipped with a motorized temperature- and CO2-controlled

stage. Cells were imaged at 10$ in bright field at multiple positions every 15 min for up to
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48 h. Most of the migration data were analyzed by Time Lapse Analyzer, a freely available
MATLAB program for cell migration analysis(/42). Samples that could not be analyzed
by the automated software (due to gel swelling and/or z-migration of the cells) were tracked
manually with ImageJ (NIH, Bethesda, MD).

Additional migration experiments utilized six-well plates with transwell permeable
supports (8 mm polycarbonate membrane; Corning, Corning, NY) that were seeded with
100,000 cells. After cells adhered to the permeable support, media was added to the whole
well. Cells were allowed to migrate through the membrane for 24 h and then fixed and
stained for nuclei (DAPI). Cells that successfully migrated through the membrane were
counted on the bottom of the permeable support (ceiling). Additionally, cells that dropped

off the support and adhered to the bottom of the six-well plate were also counted (bottom).

2.6.5 Immunofluorescence staining and focal adhesion analysis

Fixed cells were incubated for 10 min with 0.25% Triton X-100 followed by 1%

albumin overnight at 4°C for blocking. Primary paxillin antibody (1:2000; ab32084,
Abcam, Cambridge, UK) was applied for 2 h at room temperature. Then, a secondary Alexa
Fluor 488-conjugated antibody (1:2000, Invitrogen, Carlsbad, CA) was applied for 1 h or
rhodamine phalloidin (1:2000, Invitrogen) and Hoechst 33342 (3.2 mM, Invitrogen) were
applied for 30 min at room temperature. The cells were subsequently mounted with
Fluoromount-G (Southern Biotech, Birmingham, AL). All buffers contained 1 mM MgCI2.
The samples were imaged with the use of a CARV II confocal (BD Biosciences) Nikon
Eclipse Ti-S microscope equipped with a motorized, programmable stage using a Cool-
Snap HQ camera (Photometrics, Tucson, AZ) and controlled by Metamorph 7.6 (Molecular

Devices, Sunnyvale, CA). A custom-written MATLAB program was used to quantify cell
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area and FA number and size(/24). All FA metrics were computed across the entire cell to

avoid regional biases.

2.6.6 Western blotting

Cell lysates were collected in mRIPA buffer (50 mM HEPES (pH 7.5), 150 mM
NaCl, 1.5 mM MgCl2, 1% Triton X-100, 1% Na-DOC, and 0.1% SDS) with | mM EGTA,
I mM Na3VO0O4, 10 mM Na4P207, and 1 mM phenylmethanesulfonylfluoride for Western
blots. Samples were run in 10% SDS-PAGE gels at 150 V until proteins were separated
and then transferred onto polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA) to

be run at 100 V for 1 h 15 min in the transfer apparatus (Bio- Rad). The membranes were
washed in buffer A (25 mM Tris-HCI, 150 mM NaCl, and 0.1% Tween-20) 5% bovine
serum albumin overnight at 4°C and then incubated for 2 h with the following antibodies:
FA kinase (FAK; ab40794) at 1/500 and pFAK anti-phospho Y397 (ab4803) at 1/500 (both
from Abcam), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; MAB374) at
1/250 (Millipore, Billerica, MA). After three 10-min washes with buffer A, secondary goat
anti-rabbit horseradish peroxidase (Bio-Rad) and anti-mouse horseradish peroxidase
(Abcam) were used for incubation for 30 min. Immunoblots were visualized using

enhanced chemiluminescence reagent (Thermo Fisher, Waltham, MA).

2.6.7 Fluorescence-activated cell sorting analysis

Cells were detached from fibronectin-treated coverslips by incubation for 5-10 min

with PBS without cations at 37°C and gentle pipetting. After re-suspension in flow-
cytometry buffer (DPBS, 2.5% goat serum, 1| mM EDTA (pH 7.4)), the cells were

incubated with fluorescent-conjugated antibodies against CD49e (phycoerythrin) and
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CDS51 (fluorescein isothiocyanate) (Biolegend, San Diego, CA) for 30 min on ice. Cells

were analyzed using a FACScan flow cytometer (BD Biosciences).

2.6.8 Statistical analysis

Nonparametric Kruskal-Wallis analysis of variance tests were used for all statistical
analyses unless indicated otherwise. All data in shear plots are expressed as mean 5 SD.
All experiments were performed at least in biological triplicate, and analyses represent

hundreds of cells per condition.
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Supplementary Figure 2.1. Spinning Disc Assay Creates a Radially-dependent Shear Profile.

(A) The spinning disc device is illustrated with cells attached to an extracellular matrix protein-coated
coverslip mounted and rotating on a spinning rod in buffer. The radially-dependent shear profile is
highlighted showing that cells at the center only rotate in place while those at the edge move around at a high
linear velocity. (B) The plot shows the relationship of radial position on the coverslip and angular velocity
versus applied shear stress at a given point for the indicated velocities (in revolutions per minute; rpm). (C)
Plot of the relationship between radial position and cell density. Inset images show heat maps of cell density.
Warm (red) and cool (blue) colors indicate high and low densities, respectively. (D) Plot of cell density,
normalized to the center of the coverslip, versus the applied shear. Data is plotted for the indicated velocities.
125 and 150, i.e. the shear to detach 25 and 50% of cells, respectively, are indicated in the plot and are 438

and 346 dynes/cm2, respectively.
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Supplementary Figure 2.2. Cell Morphology and Distribution are Independent of Mammary Epithelial Cell
Line.

At the left are low magnification images of MCF10A, MCF7, MDAMB231, MDAMB468, SUM1315,
BT549, and BT20 cells at low and high shear, which were stained with Rhodamine-Phalloidin. Inset images
at higher magnification were also stained with DAPI. At right are plots of cell area (blue and red lines
indicating high and low shear) and cell-to-cell spacing frequency for the indicated number of cells (N).
Indicated within the plots is the percentage of cells spaced further apart than the average diameter of each
cell line.
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Supplementary Figure 2.3. MCF10A Cells Exhibit Cation-Sensitive Change in Attachment Strength.
MCF10A, cells had homogeneous and strong attachment strengths, i.e. 125, as plotted versus cation
concentration for Mg2+ (black squares) and Ca2+ (red circles) for cells bound to (A) collagen type I-coated
and (B) fibronectin-bound coverslips. Cation concentration range for the indicated tissue is provided for
reference. A sigmoidal fit for each cation is shown in panel A but they are combined in panel B.
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Supplementary Figure 2.4. Attachment Strength is Heterogeneous for Additional Mammary Epithelial Cells
and Prostate Cancer Cells in Stromal-like Niche.

Normalized cell density is plotted versus shear for MDAMB468, SUM1315, BT20, BT549 and PC-3 cells.
Cells were tested with (black) and without (red) media containing cations as defined in Figure 1. Dashed
lines in each plot indicate the fits for MDAMB231 cells with (black) and without (red) media containing
cations.
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Supplementary Figure 2.5. Migration for SUM1315 and PC-3.

(A) SUM1315 cells, either unselected (blue) or selected with 80 dynes/cm2 (orange), plated onto collagen-
coated, planar substrates (left) and 1.2 mg/ml (center) and 2.4 mg/ml (right) collagen hydrogels were plotted
for the total distance migrated over 24 hours post-plating. Note that the migration of many unselected cells
on planar surfaces exceeded the viewable window of the microscope over 24 hours, and thus these data
represent a minimum distance traveled. (B) Total cell displacement over 24 hours for PC3 cells are plotted
for the indicated shear stress selection conditions on collagen-coated substrates. PC-3 cell migration is more
heterogeneous and thus displayed in a box and whisker plot **p <0.01, ***p < 0.001.

Supplementary Table 2.6. Media formulations for the indicated cell lines.

Base
Cell Line Media Serum Antibiotics Others
0.5 pg/ml Hydrocortisone,
20 ng/ml hEGF, 10 pg/ml
MCF10A, DMEM/ 100 units/ml Penicillin, | Insulin, 100 ng/ml Cholera
MCFI10A T F12 5% HS 100 pg/ml Streptomycin toxin
100 units/ml Penicillin,
MCF7 DMEM | 10% FBS | 100 pg/ml Streptomycin 10 pg/ml Insulin
MDAMB231,
MDAMB468, 100 units/ml Penicillin,
BT20 DMEM | 10% FBS. | 100 pg/ml Streptomycin
DMEM/ 100 units/ml Penicillin, Spg/ml hEGF, 5 pg/ml
SUM1315 F12 5% FBS | 100 pg/ml Streptomycin Insulin
100 units/ml Penicillin,
BT549 DMEM | 10% FBS | 100 pg/ml Streptomycin 1 pg/ml Insulin
100 units/ml Penicillin,
PC3 F-12K | 10% FBS | 100 pg/ml Streptomycin
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Chapter 3.
Cell adhesiveness serves as a biophysical

marker for metastatic potential

3.1 Abstract

Tumors are heterogeneous and comprised of cells with different dissemination
abilities. Despite significant effort, there is no universal biological marker that serves as a
metric for metastatic potential of solid tumors. Common to disseminating cells from such
tumors, however, is the need to modulate their adhesion as they detach from the tumor and
migrate through stroma to intravasate. Adhesion strength is heterogeneous even amongst
cancer cells within a given population, and using a parallel plate flow chamber, we
separated and sorted these populations into weakly and strongly adherent groups; when
cultured under stromal conditions, this adhesion phenotype was stable over multiple days,
sorting cycles, and common across all epithelial tumor lines investigated. Weakly adherent
cells displayed increased migration in both 2D and 3D migration assays; this was
maintained for several days in culture. Subpopulations did not show differences in
expression of proteins involved in the focal adhesion complex but did exhibit intrinsic focal
adhesion assembly as well as contractile differences that resulted from differential
expression of genes involved in microtubules, cytoskeleton linkages, and motor activity.
In human breast tumors, expression of genes associated with the weakly adherent

population resulted in worse progression-free and disease-free intervals. These data
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suggest that adhesion strength could potentially serve as a stable marker for migration and
metastatic potential within a given tumor population and that the fraction of weakly

adherent cells present within a tumor could act as a physical marker for metastatic potential.

3.2 Introduction

The high mortality rate associated with cancer is due to metastasis from a primary
tumor to a distal site(/43, [44). Patient outcomes typically scale with rate of cell
dissemination from the tumor, resulting in lower five-year survival rates for aggressive
tumors such as invasive ductal carcinoma (/43). However, determining cell dissemination
rate from a tumor is difficult due to heterogeneity, i.e. cells in the same tumor have different
propensities for forming secondary metastases (117, 145, 146). Furthermore, there are no
universal biochemical markers that predict metastatic potential across solid tumors (/22,
145); next generation assays that use these biomarkers typically only surveil cells post-
intravasation.

Biophysical markers, such as cell deformability, are an emerging alternative to
assess metastatic potential (80, 84-87, 147). Assays based on these metrics focus largely
on characterizing the physical properties of already circulating cells rather than
understanding how cancer cells physically interact with and adhere to the extracellular
matrix (ECM) at the onset of invasion. Given that all cancer cells must interact with the
ECM to initiate metastasis, understanding variations in these interactions can serve as an
early indicator of metastatic ability. For optimal cell migration into adjacent parenchyma,
cells must turnover their focal adhesions to move through the tissue effectively; extremely

unstable or stable adhesion can arrest migration as the cell can never establish contractile
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forces or unbind and retract rear portions of the cell (/20). Thus, migration speed is a
function of the strength of attachment and is maximized when migrating cells can cycle
their adhesions (720, 148). Indeed, invasive cancer cells have more dynamic focal
adhesions than their non-invasive counterparts (90), and decreased adhesion strength
corresponds to increased metastatic potential (/27). As a result, the adhesion of cancer cells
to ECM proteins is becoming an accepted metric for metastatic potential (16, 126).

Many assays have been developed to demonstrate how adhesion differs in
metastatic cells compared to their non-metastatic counterparts (16, 88, 149, 150). However,
such assays are either low throughput or not quantitative. It is also difficult to assess
adhesive heterogeneity within a single cancer line using these methods (/28). We have
previously demonstrated that metastatic breast cancer cells display lower cell-ECM
adhesion strength than their non-metastatic counterparts using a spinning-disk shear assay
(91, 124), especially when cells are exposed to an environment whose low cation
concentration mirrors stroma (/57, 152). We also observed an inherent heterogeneity in
adhesion strength in multiple lineages including breast, prostate, and lung cancer cell lines
(91). Given this information, we developed a parallel plate flow chamber to isolate distinct
fractions of cells from a heterogeneous population. Cells were isolated by applying a
uniform shear stress to the cell population in the presence of stromal concentrations of Mg
and Ca cations (/51, 152). Within a given tumor line, we observed significant adhesion
heterogeneity and found that the more weakly adherent fraction displays increased
migration in both 2D and 3D. This is due to the increased contractility and focal adhesion
disassembly present in weakly adherent cells, resulting from transcriptomic expression

differences in cytoskeletal components. Together, these data suggest that intrinsic
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differences in adhesion strength of cells within a population can act as markers of
intratumoral heterogeneity in metastatic potential and be exploited to biophysically

fractionate subpopulations.
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Figure 3.1. Low Cation PPFC Accurately and Precisely Sorts Cancer Cell Populations that are Stable Long-
term.

(A) MDA-MB231 populations were sorted at day 0, remixed, and then resorted at day 2. Differences between
weakly and strongly adherent populations were assessed by two-tailed unpaired t-test (n=3). (B) Adherent
cells post-sort were cultured in high cations for 3, 6, 11, and 14 days and resorted. Cells that detached were
cultured in high cations or low cations mirroring stroma prior to re-sorting. Differences between weakly and
strongly adherent populations as a function of culture time and condition were assessed by two-way ANOVA
with Tukey test for multiple comparisons (n=3). For time and condition, ANOVA showed ***p<0.001 and
*#%%p<0.0001, respectively as indicated at the corner of the plot. Individual comparisons to their counterpart
cation conditions are indicated in the plot with Tp<0.1, and *p<0.05. (C) Images of cells from the flow-
through (detached) and remaining on the plate (adherent) after exposure to shear along with quantification of
the percentage of cells that detached relative to plated cells from each line. n=3. ***p<0.001 for two-tailed
unpaired t-test between lines. (D) Plot showing the fraction of detached cells from MDA-MB231, MCF7,
and MCF10A and their H-Ras transformed counterparts MCF10AT after exposure to 250 dynes/cm? of shear
stress.

3.3 Results
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331 Strongly and weakly adherent phenotypes are maintained post sort.

We fabricated a parallel plate flow chamber that exposes cells to discrete, uniform
shear stresses in order to isolate fractions of cells based on adhesion strength and study
those cells within a heterogeneous population (Figure S3.1). To ensure that the application
of shear did not change the adhesive heterogeneity of the population, we isolated weakly
and strongly adherent fractions of MDA-MB231 cells from a parental cell population by
exposing the cell to a shear of 170 dynes/cm? and stratifying the populations depending on
whether they were found in the flow-through or still attached to the device. After sorting,
cells were cultured separately, re-mixed, seeded into the device, and subsequently sheared.
We found no significant changes between the percent of weakly and strongly adherent cells
when tracking cells between days 0 and 2 (Figure 3.1A), indicating that the parallel plate
shear device assesses, but does not alter, the inherent adhesion heterogeneity of the
population.

We next wanted to determine if the adhesion phenotype is stably maintained post-
isolation. We isolated both fractions from MDA-MB231 cells, cultured them separately in
either normal or reduced cation media, and then repeated the isolation on the separated
fractions. We found that strongly adherent cells maintained their adherent phenotype 14
days post-isolation, regardless of culture conditions. Weakly adherent cells did not
maintain their adhesion phenotype in normal culture media as cells reverted back to their
distribution in the parental population; if the selection pressure of low stromal-like cation
concentrations was maintained post-isolation, weakly adherent cells were enriched

to >70% of the population 6 days post-isolation (Figure 3.1B).
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Figure 3.2. Sorted Populations of Single cells and Spheroids Exhibit and Sustain Different Migration
Patterns.

(A) Average speed and (B) total displacement is plotted for MDA-MB231 cells sorted by the indicated shear
stress and allowed to migrate on collagen gels for 24 hours. Percentages in panel A reflect the portion of each
population that detaches or remains adherent at a given stress. n=3 biological replicates for the number of
cells per condition inset in the bars in panel B. (C) Average speed was measured after initial isolation and
after 2 days. n=3 biological replicates. (D) Plot showing the percentage of dividing cells on a collagen gel
over 24 hours for cells selected by the indicated shear stress. n=3 biological replicates. (E) Schematic of
tumor spheroid formation (top) and subsequent dissemination (bottom) in a collagen gel. (F) Brightfield
images at the time of spheroid embedding in a collagen gel and fluorescent image 24 hours later. Dashed line
indicates the average radius of disseminating cells. Plots of (G) maximum and (H) normalized average
outward radial migration of cells selected by indicated shear (see Supplemental Figure 5 for radius
measurements). One-way ANOVA with Tukey test for multiple comparisons was used to indicate
significance where *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001, and N.S. = not significant.
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33.2 Parallel plate flow chamber can distinguish between weakly adherent and
strongly adherent cell lines.

To test the ability of the flow chamber to select for cells known to have a weaker
adhesion strength as a result their higher metastatic potential, MDA-MB231 (metastatic
breast cancer line) and MCF10A (non-malignant breast cell line) cells were seeded in a
50:50 mixture and exposed to a shear stress that should detach the MDA-MB231 cells but
not the MCF10A cells (170 dynes/cm? based on population adhesion assays (91)). The
fraction of cells that detached contained 41.7% of the total number of MDA-MB231 cells,
while only 0.7% of the total number of MCF10A cells were present in the detached fraction
(Figure 3.1C), consistent with 10-fold higher adhesion strength of MCF10A vs. MDA-
MB231 cells in the absence of cations (9/) and suggesting that this assay could distinguish
metastatic cells from non-cancerous cells.

In order to link quantitative adhesiveness to metastatic potential, we exposed four
cell lines of varying metastatic potential (high metastatic capability: MDA-MB231; low
metastatic capability: MCF7 and MCF10A; and H-Ras transformed: MCF10AT, which
give rise to invasive carcinomas in vivo (134)) to 250 dynes/cm? of shear stress and counted
the fraction of detached cells. As expected, cells with greater tumorigenic and/or metastatic
potential had significantly greater detachment at the same shear stress in comparison to

cells with lower tumorigenic and/or metastatic potential (Figure 3.1D).
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Figure 3.3. Adherent Phenotypes within a Cancer Line Result from Intrinsic Adhesion Stability and
Contractility Differences.

(A) Comparison of the expression of common focal adhesion proteins in strongly adherent (SA) and weakly
adherent (WA) cells. (B) Representative images of focal adhesions in SA and WA cells when subjected to
with or without cation conditions. (C) Focal adhesion density and (D) total area per cell area is plotted for
the indicated sorting and cation conditions. n=3 biological replicates and >50 cells/condition. One-way
ANOVA, with Tukey’s multiple comparison test was performed for the indicated comparisons with
**p<0.01, ***p<0.001, and ****p<0.0001. (E) Brightfield and traction stress plots for cells from the
indicated shear conditions. Scale bar is 10 microns. (F) Plot of normalized strain energy for WA and SA
cells. n=3 biological replicates and >30 cells/condition. A two-tailed unpaired t-test between lines indicated
**p<0.01, ***p<0.001, and ****p<(0.0001.
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333 Weakly adherent cells display greater migratory propensity than strongly
adherent cells.

To assess migration differences in adhesion sorted populations, we isolated the
~2% most weakly and most strongly adherent cells of the MDA-MB231 population using
28 dynes/cm? and 510 dynes/cm?, respectively and seeded them onto type-I collagen gels.
Over 24 hours post-plating, we found that weakly adherent cells displayed significantly
higher average speed than the strongly adherent or unselected (non-sheared) cells (Figure
3.2A). Weakly adherent cells also displayed increased total cell displacement than the
strongly adherent or unselected cells (Figure 3.2B, Figure S3.2). Since the adhesion
phenotype appears stable, we investigated if migratory differences were stable. Weakly
and strongly adherent cells along with unselected population were imaged post selection,
and then re-imaged 2 days later. No significant differences for any population were
observed post selection or later while the weakly adherent fraction maintained its increased
migratory propensity (Figure 3.2C). The two populations did not exhibit differential
proliferation during migration assessments (Figure 3.2D), suggesting that higher migration
speeds for weakly adherent cells were not the result of proliferation differences. In addition
to sorting a metastatic population, we further demonstrated sorting fidelity by directly
comparing the ~2% most weakly and strongly adherent of MCF10A and isogenic H-Ras
transformed MCF10AT cells. Post-sort on collagen gels, we observed that the weakly
adherent fraction of MCF10AT cells had increased migration speed and displacement
relative to its strongly adherent counterpart, while MCF10A cell fractions did not show

differences (Figure S3.3). These data suggest that heterogeneity in migratory phenotype as
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a result of selection by adhesion strength is only present in more aggressive cells with
increased tumorigenic capability.

Migration can often be affected by matrix properties, and so we sought to determine
if migration differences are intrinsic and therefore persist regardless of environmental
changes that could reduce substrate adhesion. Weakly and strongly adherent MDA-MB231
cells were plated on polyacrylamide gels of low (300 Pa) and high stiffness (1.8 kPa) and
migration observed for 24 hours. Weakly adherent cells were more migratory that the
strongly adherent cells independent of substrate stiffness. However, average speed scaled
with substrate stiffness gel for both cell fractions, which indicates that both fractions are
mechanically sensitive (Figure S3.4). These results indicate that there are cell intrinsic
differences independent of environmental changes that could potentially alter substrate
adhesion.

Assays thus far show behaviors in 2D rather than 3D, so we next assessed the
outward migration from spheroids containing weakly adherent, strongly adherent or
unselected cells (Figure 3.2E, F). There was no significant difference in maximum cell
displacement (Figure 3.2G), but the leading edge of weakly adherent cells, i.e. the distance
at which the signal is higher than background (Figure S3.5), migrated further than strongly
adherent and unselected cells, indicated by the significantly higher ratio of final radius to
initial radius (Figure 3.2F, H). Consistent with 2D migration, these 3D spheroid data bolster
the concept that the fraction of tumor cells with the weakest adhesion most represents those
with the highest metastatic potential.

All the cells examined thus far are mammary epithelial, so we next explored

whether cells from other epithelial tumors would exhibit the same cation dependent
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adhesion sorting and migration phenotype. Weakly and strongly adherent NCI-H1299
metastatic lung cancer cells were isolated and their migration analyzed. As with the
metastatic mammary tumor line, weakly adherent metastatic lung cancer cells were more
migratory than their strongly adherent counterparts (Figure S3.6), suggesting that this

behavior may be universal across epithelial tumors.

334 Weakly adherent cells have more labile focal adhesions and are more
contractile.

Migratory differences between weakly and strongly adherent cells did not result
from expression differences in focal adhesion proteins, e.g. pFAK, FAK, paxillin, or actin
(Figure 3.3A). However, we previously found that metastatic cells preferentially
disassemble their focal adhesions relative to non-metastatic cells when exposed to low
cation conditions (9/). Consistent with this, we found that the strongly adherent
subpopulation of MDA-MB231 cells did not fully disassemble focal adhesions after
removal of cations. Conversely, weakly adherent cells disassembled their focal adhesions
in the absence of cations on fibronectin (Figure 3.3B-D) or on type I collagen-coated
substrates (Figure S3.7). These data suggest that weak adhesion could be driven by
differential sensitivity to cations and could therefore enhance migration. Similarly, cancer
cells that exhibit increased contractility are also more migratory than their less contractile
counterparts (8, 153). To ascertain if adhesive state is coupled with contractility
differences, traction force microscopy was performed on cells post-sort. Weakly adherent
cells were significantly more contractile than their strongly adherent counterparts (Figure
3.3E-F), suggesting that weakly adherent cells represent a more aggressive fraction of the

population.
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Figure 3.4. RNA-seq Identifies Intrinsic Patterns that Indicate Structural rather than Expression Changes in
Adhesion.

(A) Differences in gene expression between weakly and strongly adherent MDA-MB231 cells. (B)
Hierarchical clustering of differentially expressed genes between weakly and strongly adherent cells. Vertical
bars indicate clustering of genes that are upregulated in strongly adherent cells and weakly adherent cells.
(C) Genes ontology terms that are upregulated in the weakly adherent subpopulation. Cytoskeletal and
microtubule gene ontology terms, as well as proteins that bind to these components, were significantly
upregulated in weakly adherent cells. (D) Expressions of genes upregulated in Cytoskeleton and Motor
Activity, normalized to strongly adherent subpopulation. (E) Validation of RNA seq gene expression
differences via qPCR for select genes. *p<0.05 and **p<0.01 for two-tailed unpaired t-test between weakly
and strongly adherent cells. (F) Average speed of weakly and strongly adherent cells when treated with
microtubule-targeting drugs. At identical concentrations of nocodazole (0.2 ug/mL) and paclitaxel (0.5
ug/mL), weakly adherent cells displayed a significant decrease in migration speed, while the strongly
adherent cells demonstrated no change. One-way ANOVA, with Tukey’s multiple comparison test was
performed for the indicated comparisons with **p<0.01, ***p<0.001, and ****p<0.0001.
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335 Intrinsic transcriptional variation in microtubule proteins contributes to
increased migration of weakly adherent cells.

Given that populations sorted at the less restrictive 170 dynes/cm? still remain
stable with over 1-2 weeks in culture, and cells sorted at the more restrictive 28 dynes/cm?
show cell intrinsic migration differences independent of environmental changes that are
stable for days in culture, we next interrogated transcriptional differences underlying
weakly and strongly adherent phenotypes sorted at 28 dynes/cm?. Stability appears in part
because individual populations do not out compete each other, i.e. cell proliferation rates
appear similar (Figure S3.8). With stable sorting and expansion, we sought to assess
differences through post-sort RNA sequencing. Analyses revealed 500 differentially
expressed genes between the sub-populations (Figure 3.4A); replicates clustered by sub-
population when comparing differentially expressed genes (Figure 3.4B). Analysis of
genes upregulated in weakly adherent cells demonstrated significant enrichment of gene
ontology terms involved in microtubule and cytoskeletal organization and binding (Figure
3.4C). Genes in these categories with the most significant expression differences are
involved in cytoskeletal components, specifically microtubule-associated proteins. For
example, GAS2L3 has been implicated in linking microtubules and actin and results in
increased focal adhesion turnover and migration, SYNE2 is also essential for nuclear-
cytoskeletal mechano-transduction in invasion and cell contraction (/54-156).
Components linking the cytoskeleton to the nuclear or plasma membranes were also
implicated, e.g. AKAP9, which regulates microtubule movement and is highly expressed
in highly metastatic cells (/57, 158) (Figure 3.4D). There was also significant enrichment

in the expression of motor proteins, specifically those involved in vesicular transport along
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microtubules (KIF14, DYNC1H1) as well as in cytoskeletal contraction (MYO9A) (Figure
3.4C-D). KIF14, in particular, is a potent oncogene that is highly expressed in several
cancers, particularly breast cancer, and is linked to improved invasiveness and dynamically
changing focal adhesions (759, 160). Changes detected through RNA sequencing were
validated by qPCR, which confirmed increased expression in weakly adherent cells (Figure
3.4E).

To functionally confirm a link between the upregulated microtubule components in
the weakly adherent cells and their subsequent increased migration, we exposed both
weakly and strongly adherent cells to either nocodazole or paclitaxel to dissemble or cap
microtubules, respectively. When tracking migration, untreated weakly adherent cells had
increased average speed compared to untreated strongly adherent cells. However when
treated with either microtubule-targeting drugs, the weakly adherent cells exhibited a
significant decrease in average speed, while the strongly adherent cells were unaffected
(Figure 3.4F). These data suggest that inhibiting the microtubule cytoskeleton
preferentially impacts the weakly adherent fraction and points to microtubule-affecting
agents as potent therapeutic targets.

Finally, we investigated whether differentially expressed genes linked to the
highlighted microtubule, cytoskeletal, and microtubule-binding protein ontology terms
played a role in human cancer progression. We narrowed the list of genes down to those
linked to our highlighted GO terms in Figure 4C, resulting in 100 genes (Supplemental
Table 3.10). Using this gene set, we then analyzed The Cancer Genome Atlas (TCGA)
breast cancer dataset and restricted our analysis to triple-negative breast cancer (TNBC)

patients with tumors that ranged from Stage I to III. We then compared patients that had
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gene expression scores that aligned with the strongly and weakly adherent cells. We
observed that patients with gene expression profiles similar to the weakly adherent cells
had decreased progression-free intervals (Figure 3.5A) and disease-free intervals (Figure
3.5B) compared to patients with gene expression profiles similar to the strongly adherent
cells. These data suggest that increased expression of genes associated with microtubule
and microtubule-binding proteins, as present in the weakly adherent fraction, could define
an “adhesive signature” that results in an increase in metastatic potential and promotes

human breast tumor progression.
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Figure 3.5. Expression of microtubule-associated genes resembling weakly adherent fraction predicts poor
outcome in breast cancer patients.

(A) Progression-free interval and (B) disease-free interval of TNBC patients with Stage I-III tumors. Patients
with gene expression that resembled strongly adherent and weakly adherent cells were compared. Genes were
restricted to those associated with highlighted GO terms in Figure 4C, resulting in a cohort of 100 genes.

34 Discussion

Due to the highly heterogeneous nature of tumor cells, both within a given tumor
as well as across tumors from different patients, it is difficult to assess tumor

aggressiveness and the likelihood of metastasis. In addition, there are no universal

64



biochemical markers that can be utilized to determine metastatic potential. The emergence
of biophysical markers is a new approach to identifying the most aggressive subpopulations
of the tumor population. Common cell-ECM interactions of early dissemination of cancer
cells of different tumor origins and subsequent ECM deformation reflect the importance of
identifying biophysical markers as metrics for metastatic potential (/43, 144). To
accomplish this, we utilized a parallel plate flow chamber to study the correlation between
decreased adhesion strength of cells to ECM proteins and their subsequent metastatic
potential. In conjunction with our previous studies (97), we showed that metastatic cancer
cells are significantly less adherent than their non-metastatic counterparts. This is
demonstrated by the ability to select for MDA-MB231 cells over MCF10A cells from a
mixed population. We also found that weak adhesion can serve as a potential marker for
metastatic potential, which was demonstrated by the greater percent detachments of MDA -
MB231 and MCF10AT cells in comparison to MCF7 and MCF10A cells at the same shear
stress.

This study also identified heterogeneity in adhesion strength of cells within a
metastatic cancer cell population, especially under stromal-like cation conditions, which
may be linked to heterogeneity in metastatic potential of cells within a tumor population
and/or circulating tumor cells. This notion is supported by our observations that weakly
adherent MDA-MB231 cells exhibited increased migration in comparison to their strongly
adherent counterparts. These differences in migration exist in both 2D and 3D
environments, which indicates that the weakly adherent subpopulation represents the cells
that are more likely to leave the primary tumor and establish secondary metastases (/61-

163). The stability of this increased migratory propensity for multiple days post-sorting
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further demonstrates the intrinsic nature of this phenotype. In addition, recapitulating this
phenotype in metastatic lung cancer cells suggests that adhesion strength is broadly
involved in the more migratory subpopulations within tumors from multiple epithelial
backgrounds.

The ability to select this more migratory subpopulation of the cell line stems from
differences in focal adhesion disassembly between the weakly adherent and strongly
adherent cells. Faster focal adhesion disassembly of weakly adherent cells is consistent
with previous findings that link quicker focal adhesion disassembly to more migratory cell
lines (90, 164, 165). In addition, weakly adherent cells are more contractile than their
strongly adherent counterparts, where increased contractility has also been linked to
increased migration and more aggressive cancers (8, /53). Differences in migration, focal
adhesion assembly, and contractility can be tied to inherent transcriptomic differences
between weakly and strongly adherent cells; genes linked to the cytoskeleton, specifically
to microtubules, as well as motor proteins involved in vesicular transport and contraction
showed significant differential expression. When we compared human breast cancer
patients with gene expression signatures that resembled the weakly and strongly adherent
cells for our genes of interest, we observed decreased progression-free and disease-free
intervals, implying that tumors resembling the weakly adherent fraction are more
aggressive. Several standard cancer therapy drugs (nocodazole, taxols, etc.) target
microtubules in order to reduce the growth and spread of aggressive tumors, indicating that
differences in microtubules and the cytoskeleton could explain the heterogeneity of tumor
cell populations. We confirmed these findings by treating weakly adherent cells to

nocodazole and paclitaxel and found that their migration speed reduced to that of the
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strongly adherent cells, whose speed was unaffected by both drugs. Therefore, targeting
the cytoskeleton is potentially an important method of restricting the motility of highly
aggressive subpopulations early in tumor development and suppressing the migratory
populations that we observe (166).

This study reveals a strategy to identify distinct subpopulations via shear separation
that can be implemented to study the dissemination of cells from a variety of epithelial
cancers. Comparing weakly adherent cell populations across multiple metastatic cell lines
of various tumor origins could enable the identification of similarities amongst the most
aggressive subpopulation in an effort to identify more universal targeted treatments. Lastly,
this shear assay can be adapted to study diseases with a similar adhesion component,

highlighting the versatility of this technique.

3.5 Methods

351 Cell Culture

MDA-MB231 and MCF7 cells were cultured in DMEM, 10% Fetal Bovine Serum
(FBS), and 1% antibiotic/antimycotic; MCF10A and MCF10AT cells were cultured in
DMEM/F-12, 5% horse serum, 1% penicillin/streptomycin (Pen/Strep), 0.5 pg/ml
Hydrocortisone, 20 ng/ml hEGF, 10 pg/ml Insulin, 100 ng/ml Cholera toxin; NCI-H1299
cells were cultured in RPMI, 10% FBS, and 1% Pen/Strep. Products were purchased from
Life Technologies. All cells were obtained from ATCC (authenticated by morphology,
growth curve, and isoenzyme analysis), verified mycoplasma free via PCR, and were not

used beyond passage 10.
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3.5.2 Parallel plate shear assay

Glass plates (Brain Research Laboratories, Waban MA) were sonicated in 70%
ethanol and water. Plates were coated with fibronectin at 2 pg/cm? for 60 minutes and then
blocked with 5% bovine serum albumin for 2 hours at 37°C. Plates are then seeded with
cells at a density of 5000 cells/cm? and incubated overnight. Components of the parallel
plate shear assay (polysulfone base plate, 38 um thick silicone gasket (SMI), polypropylene
luer fixtures (Cole Parmer), 1/8-inch inner diameter tubing (Fisher Scientific)) were
assembled and the glass plate was clamped to the base plate containing the inlet and outlet.
The inlet tubing was connected to a syringe pump. Shear stress, 7, was calculated using the
following equation:

= 21 (1)

wh?2
Where pu is viscosity of the fluid, Q is volumetric flow rate, w is the width of the chamber,

and 4 is the height of the chamber.

353 Isolating weakly (WA) and strongly (SA) adherent cells

To test adhesion stability of WA and SA fractions of the population, we first
determined an intermediate shear stress to detach roughly 40% of cells (~170 dynes/cm?
for MDA-MB231 cells). Phosphate-buffered saline without magnesium and calcium and
with 4.5 g/L of dextrose was used to shear cells. Cells were subjected to the intermediate
shear stress for 3 minutes to isolate WA cells in the flow-through, which was collected at
the outlet. 0.25% Trypsin-EDTA was added to the device to isolate SA cells. Once cells
detached, media was pushed through the device to neutralize the trypsin and remove the

SA cells. Both populations were then seeded.
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To perform the adhesion stability re-mixed population assay, WA and SA cells
were isolated at day 0, cultured separately for 24 hours, re-mixed and seeded onto a plate
overnight, then re-isolated at 48 hours after the initial isolation.

To isolate the weakest and strongest 2% of the MDA-MB231 cell population for
migration assays, the seeded plate was subjected to a low shear stress (28 dynes/cm?) for 3
minutes to isolate WA cells in the flow through from the outlet. The shear stress was then
increased to a high shear stress (510 dynes/cm?) for 2 minutes to eliminate intermediate
cell fractions. The remaining steps to isolate SA cells are listed above. The weakest
MCF10A and MCF10AT cells were isolated using 170 and 130 dynes/cm? of shear stress

respectively; the strongest were isolated using 1275 and 595 dynes/cm? respectively.

354 Co-culture assay

MDA-MB231 and MCF10A cells were trypsinized and resuspended in 25 pM of
CellTracker fluorescent probes (Molecular Probes, Life Technologies) in serum-free
DMEM: MDA-MB231 in Green CMFDA and MCFI10A in Orange CMRA. Cell-dye
solutions were incubated at room temperature (RT) for 20 minutes. The cells were then
centrifuged and resuspended in MDA-MB231 media. Cells were mixed 50:50 and seeded
such that the final seeding density was 5000 cells/cm?, then incubated overnight.

Upon isolation of WA and SA cells, both fractions were seeded, incubated
overnight, then fixed the following day with 3.7% formaldehyde for 10 minutes. Cells were
imaged using a Nikon Eclipse Ti-S microscope at 10X magnification with FITC and Texas

Red and counted by color.

355 Measuring percent detachment versus metastatic capability
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MDA-MB231, MCF7, MCF10A, and MCF10AT cells were subjected to 250
dynes/cm? of shear. The detached and adherent fractions were isolated as described and

counted to calculate the fraction of cells detached.

3.5.6 Immunofluorescence staining and focal adhesion (FA) analysis

Fixed cells were incubated for 10 minutes at RT with CellMask Deep Red plasma
membrane stain (1:1000, Thermo Fisher) in 1 mM MgCl: solution, followed by incubation
for 1 hour at RT with blocking solution of 10% goat serum, 0.1% saponin, 1% bovine
serum albumin, 0.03 M glycine in 1 mM MgCl: solution. Primary paxillin antibody (1:250;
ab32084, Abcam) in blocking solution was applied overnight at 4°C. Then, a secondary
Alexa Fluor 488-conjugated antibody (1:2000, Invitrogen) in blocking solution was
applied for 1 hour at RT, followed by Hoechst 33342 (1:2000, Invitrogen) in DI water for
10 min at RT. The cells were subsequently mounted with Fluoromount-G (Southern
Biotech). The samples were imaged with a Zeiss LSM 780 confocal microscope (Zeiss)
with a 63x oil-immersion objective. A custom-written ImageJ program was used to
quantify cell area and FA number and size. All FA metrics were computed across the entire

cell to avoid regional biases.

3.5.7 Traction Force Microscopy (TFM)

Cell tractions were measured as described and calculated using a custom Matlab
routine (167). 2% v/v of 0.2 um diameter 580/605 FluoSpheres microspheres (Invitrogen)
were added to the prepolymer solution, comprised of 5% acrylamide, 0.06% bis-
acrylamide, 1% ammonium persulfate (Fisher), and 0.1% v/v of N,N,N’,N’-

Tetramethylethylenediamine (VWR International). Gels were prepared in 12 well glass
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bottom plates (Cellvis), which were precleaned in a UV/Ozone cleaner (ProCleaner™ Plus,
Bioforce Nanosciences) and methacrylated to ensure binding of the gel. Collagen was
bound to the surface by adding 0.2 mg/ml sulfo-SANPAH and activating with UV light
(wavelength 350 nm) for 10 minutes followed by incubation with 0.15 mg/ml type I
collagen. Isolated cells were seeded at ~15,000 cells/cm? on the gels and allowed to adhere
for 3 hrs. Brightfield images were taken of each cell prior to obtaining microsphere
displacements at 60x. Bead reference positions were then re-obtained after removing the
cells with a 10% v/v Triton X solution for 10 minutes. Strain energy was determined from

the traction stress map and normalized to cell area.

3.5.8 Western blotting

Weakly and strongly adherent cells were isolated and plated in fibronectin-coated
12-well plates for 3 hours. Cells were lysed with mRIPA supplemented with phosphatase
and protease inhibitors as described (/68). Protein concentration was measured using a
BCA assay. 5 pg protein was mixed with 50 mM DTT, Loading Buffer, and mRIPA, heated
at 95°C for 5 minutes, and loaded into a Bolt 4-12% Bis-Tris Plus gel (Invitrogen) and then
run with MES running buffer for 30 min at 200 V. Protein was transferred to a
nitrocellulose membrane using an iBlot Cell Transfer Stack (Invitrogen). Membrane was
blocked with 5% SeaBlock for 1 hour at RT then incubated overnight at 4°C with anti-
paxillin (Abcam, ab32084), anti-pFAK (Y397) (Abcam, ab81298), anti-FAK (Origene,
TA506161), anti-Actin (Abcam, ab8226), and anti-GAPDH (Abcam, ab8245). The
membrane was then incubated for 2 hours at RT with AlexaFluor 680 donkey anti-mouse

(Life Technologies, A32788) and AlexaFluor 790 donkey anti-rabbit (Life Technologies,
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A11374) antibodies. The membrane was imaged using a Li-Cor Odyssey CLx and analyzed

using Image Studio Lite (Li-Cor).

359 2D migration assays on collagen gels

2.4 mg/mL Type I collagen gels were prepared by mixing collagen (Corning) with
PBS, DI water, and 1 M NaOH and adjusted to pH 7.0. Gels were added to a 12-well plates
and cured at 37°C for 30 minutes. The weakest and strongest 2% of the cell population
were seeded onto the gels and incubated overnight. The cells were imaged with a Nikon
Eclipse Ti-S microscope equipped with a temperature- and CO»-controlled stage. Cells
were imaged at 10X in brightfield every 15 minutes for 24 hours. The migration data was
analyzed via Fiji. The positions were normalized to the starting point and analyzed via a
custom MATLAB script to compute instantaneous speed and cell displacement. Cells that
divided or did not remain in the frame for 24 hours were not tracked. Cells that interacted
with other cells for more than 2 hours were not tracked, as cell-cell interactions artificially
slowed cell speed. For MDA-MB231 cell migration under drug treatment, cells were
treated with either 0.2 pg/mL nocodazole (Cayman Chemical) or 0.5 pg/mL paclitaxel (LC
Laboratories). Cells were imaged the following day for 24 hours and tracked as stated

above.

3.5.10 2D migration assays on polyacrylamide gels of varying stiffness
Polyacrylamide gels of low and high stiffness were prepared as described in the

TFM methods section, without fluorescent microbeads. The high stiffness prepolymer

solution has an identical composition to the gels used for TFM, while the low stiffness

prepolymer solution consists of 3% acrylamide and 0.06% bis-acrylamide with all other
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components identical to the high stiffness gel. Cells were isolated, seeded, and tracked as

described.

35.11 Preparing spheroids of MDA-MB231 cells

The weakest and strongest 2% of the MDA-MB231 cell population and unselected
cells were isolated and seeded in a 12-well plate overnight. Cells were trypsinized and
resuspended in 25 puM CellTracker fluorescent probes (Molecular Probes, Life
Technologies) as described above. Cells were then centrifuged and resuspended in a
solution of 0.25% Methocult in culture media. 2,500 cells (either WA or SA) were added
to wells in a 96-well Corning Ultra-Low Attachment Spheroid Microplate (Corning) then

incubated for 48 hours.

3.5.12 3D migration assay in collagen gels

Collagen gels were prepared as described above. Spheroids were embedded in a
collagen gel solution and added to a 24-well plate. Media was added to the top of the gel,
and a time 0 image was captured at 10X magnification with brightfield to obtain initial
radius. Embedded spheroids were incubated for 24 hours, after which they were fixed with
3.7% formaldehyde in solution A for 20 minutes. Spheroids were imaged with a Zeiss LSM
780 Confocal Microscope at 10X magnification with the FITC and Texas Red channel. Z-
stack images were acquired at 30 um intervals from the bottom to the top of the spheroid.
Maximum intensity projection images were generated and input into a custom Python
script to analyze invasive index of spheroid and maximum displacement of cells in the

spheroid. Invasive index is defined as:

| = Tfinal (2)

Tinitial
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Where Finitiar 1 the radius at time t = 0 hours of the spheroid and 7« is the radius at time t

= 24 hours.

3.5.13 RNA Sequencing

RNA from WA and SA cells was purified using Qiagen RNeasy Mini Kit (Qiagen,
74104). RNA quality was assessed using TapeStation (Agilent), RNA libraries were
prepared using the Illumina TruSeq Stranded RNA, High Throughput Library Prep Kit and
sequenced using the [llumina HiSeq 4000 system to generate 50 bp single-end reads. Data

was analyzed by Rosalind (https://rosalind.onramp.bio/), with a HyperScale architecture

developed by OnRamp Biolnformatics, Inc. (San Diego, CA). Reads were trimmed using
cutadapt (/69). Quality scores were assessed using FastQC (/70). Reads were aligned to
the Homo sapiens genome build hgl19 using STAR (/7). Individual sample reads were
quantified using HTseq (/72) and normalized via Relative Log Expression (RLE) using
DESeq2 R library (/73). Read Distribution percentages, heatmaps, and sample plots were
generated as part of the QC step using RSeQC (/74). DEseq2 was also used to calculate
fold changes and p-values. Clustering for the differentially expressed gene heatmap was
done using the Partitioning Around Medoids method with the fpc R library (/75).
Functional enrichment analysis of pathways, gene ontology, domain structure and other
ontologies was performed using HOMER (/76). Enrichment was calculated relative to a

set of background genes relevant for the experiment.

3514 Quantitative PCR
RNA from WA and SA cells was purified using Qiagen RNeasy Mini Kit and

reverse transcribed using SuperScript I1I Reverse Transcriptase (ThermoFisher Scientific,
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18080093). Quantitative PCR was performed (45 cycles, 95°C for 15 seconds followed by
60°C for 1 min) using a 7900HT Fast Real-Time PCR System (Thermo Scientific,
4329001) with the primers listed (Supplemental Table S1), and iQ SYBR Green Supermix
(Bio-Rad Laboratories, 1708880). Target genes were normalized to GAPDH and mRNA

quantity was calculated based on a standard curve generated from a fibronectin plasmid.

3.5.15 TCGA Dataset Analysis

The TCGA raw data were downloaded from NIH NCI GDC Data portal directly.
Corresponding clinical metadata were obtained from a previous publication (/77). Only
the breast cancer (BRCA) patients with reported negative histological staining for the three
markers (Her2, ER, PR) and American Joint Committee on Cancer (AJCC) pathology
stages below stage IV were included in our analysis cohort. Patient data were analyzed to
determine correlation between gene expression corresponding to weakly adherent or
strongly adherent phenotypes and 5-year survival. Patient data were analyzed by
normalizing patient gene expression to z-transformed scores with respect to the
differentially expressed genes between the weakly adherent and strongly adherent sub-
populations. The z-scores were then summed for every patient, and z-score sum-based
quantiles were mapped to Strongly Adherent (SA) and Weakly Adherent (WA) categories
based on mean gene expression levels. The Kaplan-Meier method was used to create
survival plots comparing the 20% of individuals with the lowest score to the 20% with the
highest score. The log-rank test was used to determine significance of survival differences
between  groups. Survival analyses use the Lifelines python library

(https://lifelines.readthedocs.io/en/latest/). Relevant scripts for the analysis of TCGA data
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are available at: https://github.com/kec162ucsd/Tumor-Heterogeneity-Adhesion-

Strength/

3.5.16 Statistics

2D migration assays, 3D spheroid migration assays, and focal adhesion
disassembly plots were analyzed using a one-way ANOVA with Tukey test for multiple
comparisons. Adhesion stability re-mixed population assay was analyzed with a two-way
ANOVA, with Sidak multiple comparison test. All other comparisons were performed
using two-tailed unpaired t-test unless otherwise indicated. For all analyses, *p<0.05,
*%p<0.01, ***p<0.001, ****p<0.0001. Data expressed as box-and-whisker plots show all
points with the whisker ends corresponding to minimum and maximum values. All other
values are expressed as mean +/- standard deviation. Statistical analyses were performed

using Prism software.

3.5.17 Data availability

Data generated in this study was deposited to NCBI under GEO GSE135515. We

do not impose any restrictions on data availability.
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3.6 Supplementary Figures

Figure S1
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Supplementary Figure 3.1. PPFC Assembly and Use.

(A) Exploded parts diagram of the flow chamber. Arrows indicate fluid direction. (B) Assembled cross-
section schematic of the flow chamber with cell locations shown and fluid flow indicated. (C) Image of
assembled flow chamber (dashed lines).
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Figure S2
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Supplementary Figure 3.2. Rose Plots of Post-Sort Cells.
Rose plots of MDA-MB231 cells (each colored differently to visualize their paths) selected at <30 or >500

dynes/cm2. n=3 biological replicates and 250 cells/condition shown.
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Figure S3
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Supplementary Figure 3.3. Migratory Differences in Isogenic MCF10A and MCF10AT Cells.

(A) Average speed and (B) total displacement of MCF10A and MCF10AT cells sorted for the indicated
fractions and allowed to migrate on collagen gels for 8 hours. n=3 biological replicates and >90
cells/condition. A two-tailed unpaired t-test between lines indicated ****p<0.0001 and *****p<0.00001.
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Figure S4
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Supplementary Figure 3.4. Sorted Populations of MDA-MB231 Cells Display Migratory Differences Under
Different Substrate Stiffnesses.

(A) Average speed and (B) total displacement over 24 hours is plotted for MDA-MB231 weakly and strongly
adherent cells on soft (300 Pa) and stiff (1.8 kPa) collagen-coated polyacrylamide gels. A two-tailed unpaired
t-test between lines indicated ****p<0.0001 and *****p<0.00001.
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Figure S5
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Supplementary Figure 3.5. Determining Spheroid Invasive Front
To automate the detection process for the leading edge of a spheroid embedded in and migrating through a
collage gel, image analysis code was written to identify the radial intensity of the spheroid and surround
matrix. When that line drops to within 2% of baseline, the average radius of the spheroid is calculated. The
invasive ratio is then calculated. Examples of image used to determine the threshold for average radius (top)
and the calculation of average radius after 24 hours (bottom) are displayed.

81



Figure S6
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Supplementary Figure 3.6. Other Epithelial Cells Populations Exhibit Migration Differences Post-Sort.

(A) Average speed and (B) total displacement is plotted for NCI-H1299 lung carcinoma cells sorted by the
indicated shear stress and allowed to migrate on collagen gels for 24 hours. Percentages in panel A reflect
the portion of each population that detaches or remains adherent at a given stress. n=3 biological replicates
for the number of cells per condition inset in the bars in panel B. One-way ANOVA with Tukey test for
multiple comparisons was used to indicate significance where **p<0.01, ***p<0.001, and ***p<0.0001.
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Figure S7
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Supplementary Figure 3.7. Focal Adhesion Disassembly in Stromal Cation Conditions.

(A) Focal adhesion density and (B) total area per cell area is plotted for the indicated sorting and cation
conditions for MDA-MB231 cells cultured on collagen. n=3 biological replicates and >50 cells/condition.
One-way ANOVA with Tukey’s multiple comparison test was performed for the indicated comparisons with
**p<0.01, ***p<0.001, and ****p<0.0001.
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Supplementary Figure 3.8. Proliferation of Post-Sort Cells is not Different.

BrdU absorbance is plotted for cells post sort.
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Supplementary Table 3.9. qPCR Primers.
Primer sequences for real time PCR.

Target Gene Forward Reverse
GAS2L3 AGCCTGCAATTCAAGTATGGTT TGGTCCGTGTCTGGGAGTC
DST GATCTTACAGCTCTGCCAGTGTGT | AGTAGCTTCTTTGGCATCATTGAA

KIF14 TGGTGAAATGGCCTGTACAAGT GGCAACCAGTTAACCCTTTGAG
SYNE2 ACCACCCTATGGAAAGCTACT CATCTCCCATCTGTCGAAGGC
GAPDH TCGACAGTCAGCCGCATCTTC ACCAAATCCGTTGACTCCGAC

Fibronectin

(Standard) AGGCTTGAACCAACCTACGGA GCCTAAGCACTGGCACAACAG
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Supplementary Table 3.10. Genes linked to highlighted GO terms that were used for TCGA analysis.
List of all genes from the ontological terms in Figure 4 that were included in the TCGA analysis. Genes are
shown in alphabetical order.

Gene Name Gene Name Gene Name Gene Name
AHNAK CEP350 KIF11 PEAK1
AKAP13 CEP97 KIF14 PLEKHH?2

AKAP9 CKAP2 KIF18A PLK2
ALMSI1 CKAP5 KIF18B PSRCI1
APC CNTRL KIF20A PTPN14
ASPM DCLREIB KIF20B RANBP2
ATM DSP KIF4A RBBP6
BIRC6 DST KNSTRN RCSD1
BMF DTL KRT17 REEP4
BRCA2 DYNCI1H1 KRTS81 RIF1
BUBI1B DYNC2H1 MACF1 SAA1
CCDCS88A E2F1 MAPIB SCLT1
CCNAL ESPL1 MCM2 SETD2
CCNB1 FLG MCM3 SH3PXD2A
CCNB2 FRMD6 MDNI1 SLC7A11
CCNF GAS2L3 MYH15 SPAG5
CDC25B GEM MYO5A SPTBN1
CDC42BPA GEN1 MYO9A SYNEI1
CDC42EP2 GPSM2 NAV1 SYNE2
CDC45 GTSE1 NDEI1 TACC3
CDC6 HDAC4 NEK2 TOP2A
CENPE HERC2 PAWR TRIMS59
CENPF HMMR PCNA TTK
CENPJ HTT PCNT UBR4
CEP192 KIAAO0586 PDE4DIP UTRN
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Chapter 4.
An in vivo demonstration of adhesion
strength as a predictive marker of metastatic

potential

4.1 Abstract

Despite a rise in early stage detection of certain cancers, particularly breast cancer,
local or regional invasion can reduce the 5-year survival rate of patients. Due to
heterogeneity within the tumor and across tumors from different patients, there are no
universal biological markers that can predict disease outcome. Adhesion strength has
emerged as potential biophysical marker, but its links to cancer cell aggression and
metastatic potential have only been demonstrated in vitro. It is essential to show that weak
cellular adhesion correlates with more aggressive cells in an in vivo setting to demonstrate
the clinical relevance of adhesion strength as a prognostic marker. We have observed that,
in a murine mammary tumor model, that invaded cells in the mammary stroma have lower
cellular adhesion strength than cells that remain in the stiff tumor. These data suggest that
adhesion strength can serve as a marker of metastatic potential and can be utilized in a

prognostic fashion to screen patient samples.

4.2 Introduction
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While breast cancer has high rates of early stage detection (ranging from 47% at
ages 15-39 to 68% at ages 65+), metastasis of the primary tumor can reduce the patient’s
5-year survival rate by 73% (/78). Even regional invasion of the cancer can reduce 5-year
survival rates by 14%; the recurrence rates are even worse for other solid tumors (/78). It
is therefore essential to determine the aggressiveness of the tumor when it is at the local or
regional invasion stages in order to effectively predict the likelihood of recurrence.
However, it is difficult to determine the aggressiveness of the tumor due to a lack of
universal molecular prognostic markers(/22, 145). Due to the similarities in the physical
process of metastasis amongst epithelial cancers, biophysical attributes of cells, such as
cellular deformability and cell-cell and cell-ECM interactions, have emerged as potential
universal markers of aggressiveness(80, 84-87, 147). Current FDA-approved assays that
utilize biophysical properties to detect cancer cells focus on circulating tumor cells, at
which point the disease has already progressed too far for effective prognostic measures.

Prior evidence strongly supports weak cellular adhesion strength to the ECM as a
biophysical marker of aggressive and/or metastatic cells, due to an increase in focal
adhesion turnover and contractility that stems from intrinsic transcriptomic differences in
proteins involved in the microtubule cytoskeleton and vesicular transport (16, 90, 91, 120,
121, 126, 148, 179). This transcriptomic profile, when present in triple negative breast
cancer patients, correlated with shorter disease-free intervals (/79). Despite the strong
evidence, the assays were performed in vitro and thus cannot truly mimic the tumor
microenvironment. Therefore, it is essential to demonstrate the link between decreased
adhesion strength and increased invasive and metastatic behavior in vivo. Using a murine

mammary tumor model, we have observed that cells that have locally invaded into the
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stroma have a decreased adhesion strength in comparison to cells that have remained in the

tumor bolus.

4.3 Results

43.1 MDA-MB 231 cellular adhesion strength and migratory differences were
maintained post-viral transduction

In order to visualize tumor growth in vivo and sort cells of interest via FACS post-
resection, MDA-MB231 cells were exposed to lentiviral vectors containing GFP and firefly
luciferase and selected for both markers through puromycin treatment (luciferase) and
FACS (GFP+) (Supplemental Figure 4.1A-B). To ensure that the transduced cells
maintained the same adhesion strength heterogeneity and migratory differences that were
observed previously, the cells were sheared using pre-determined shear stresses to isolate
weakly and strongly adherent fractions and assess their migration on collagen gels over 24
hours(779). As expected, the weakly adherent cells had a greater cell speed and total cell
displacement in comparison to the strongly adherent cells (Supplemental Figure 4.1C-D).
These data indicate that the inherent heterogeneity of the cell population was unaffected

by viral transduction.

4.3.2 Invaded cells have decreased adhesion strength compared to cells in the
tumor bolus

Our previous findings have shown that metastatic cell lines have a lower adhesion
strength and more labile focal adhesions than non-metastatic cell lines(9/). Within

metastatic cell lines, weakly adherent cells isolated using a microfluidic shear assay were
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Figure 4.1. MDA-MB231 cells that have invaded into the stroma display decreased adhesion strength
compared to cells in the stiff tumor.

(A) There are fewer GFP-positive cells present in the stroma versus the tumor. (B) Invaded MDA-MB231
cells have decreased adhesion strength compared to MDA-MB231 cells that remain in the tumor.

more migratory, more contractile, and had more labile focal adhesions than strongly
adherent cells within the same population(/79). Since decreased adhesion correlated with
an increase in behaviors associated with more aggressive cancer cells, we wanted to
investigate if these findings could be recapitulated in vivo. We injected MDA-MB231 cells
that had stable expression of GFP and luciferase into the mammary fat pads of 11-week-
old NOD/SCIDy mice. Using IVIS, we monitored the growth of the tumors at 2-week
intervals and resected the tumor at 6 weeks post injection (Supplemental Figure 4.2A-B).
GFP+ cells were isolated from the tumor bolus and surrounding stroma, separated
manually under an inverted fluorescence microscope and sorted using FACS (Figure 4.1A,
Supplemental Figure 4.2C). The percentage of GFP+ cells present in the stroma appear to

be less than those present in the tumor (Figure 4.1B). The adhesion strength of the cells
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that had invaded into the stroma and the cells that remained in the tumor bolus was
calculated using the spinning disk shear assay. We observed that the invaded cells in the
surrounding stroma displayed a decreased adhesion strength compared to the cells that
remained in the tumor bolus (Figure 4.1C). Calculation of the ratio of tumor to stromal
adhesion strength, conducted for cells isolated from the tumoral and stromal regions of the
same tumors, indicate that the tumoral cells, on average, have a higher adhesion strength
compared to stromal cells from the same initial population (Figure 4.1D). This is consistent
with our in vitro findings that link decreased adhesion to increased aggressiveness and

metastatic potential.

4.4 Future Directions

The next portion of this paper would involve using patient-derived xenografts to
assess the predictive capability of adhesion strength as a marker of metastatic potential.
Patient tumor fragments will be grafted into the mammary fat pad of NOD/SCIDy mice
and tumor size can be assessed using calipers. Upon resection, the patient-derived
xenografts (PDXs) can be dissociated into single cells using established protocols(/80). A
portion of the cells can be sequenced and compared to the previously described weakly
adherent signature to obtain a correlation score. The rest of the cells can be seeded onto a
glass plate and sheared at a pre-defined shear stress to determine the percent of cells that
have detached. The percent of cells detached combined with the correlation score combined
could result in a more accurate prediction of patient outcome. The mice will be monitored
for recurrence to generate survival curves and determine the efficacy of adhesion as a

predictor of outcome.
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4.5 Methods

4.5.1 Cell Culture

MDA-MB231 were cultured in DMEM, 10% Fetal Bovine Serum (FBS), and 1%
antibiotic/antimycotic. Products were purchased from Life Technologies. Cells were
obtained from ATCC (authenticated by morphology, growth curve, and isoenzyme

analysis), verified mycoplasma free via PCR, and were not used beyond passage 14.

45.2 Creating GFP and Luciferase-Expressing MDA-MB 231 cells and
validating adhesion heterogeneity
To make lentivirus particles, HEK293T were seeded into a 20 cm dish in high
glucose DMEM supplemented with 10% FBS and 1% antibiotic/antimycotic. Cells were
allowed to grow until 70% confluence. At this time, 3 pg of pMD2.G (Addgene 12259) ,
12 pg of pPCMYV deltaR8.2 (Addgene 12263), and 9 pug of either GFP or luciferase plasmid
(generous gift of the Kun-Liang Guan lab) was added to 1.5 mL Opti-MEM. Separately,
36 uL of Lipofectectamine 2000 was added to 1.5 mL Opti-MEM. After incubating the
solutions for 15 minutes, the solutions were mixed and allowed to incubate for an
additional 30 minutes. The mixture was then added dropwise to HEK293T cells. After 48
hours, media was harvested and replaced. After an additional 24 hours, media was
harvested again and all media was concentrated using an Amicon Ultra-15 ultrafilter
(100,000 NMWL cutoff) to a final volume of 1 mL, which was aliquoted into 250 pL
aliquots and frozen at -80C.
Media with packaged lentiviral particles was added to cultured MDA-MB231 cells

along with 8 pg/mL of polybrene. After 24 hours, the media was aspirated and replaced
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with normal culture media. Upon observation of GFP expression through fluorescence
microscopy, the cultured cells were treated with 2 pg/mL of puromycin in culture media
and cultured for two days. The remaining cells were sorted using FACS for presence of
GFP. GFP expression was validated via fluorescence microscopy using a Nikon Eclipse
Ti-S microscope at 10X magnification with FITC.

To validate that adhesion heterogeneity is maintained post-transduction, weakly
and strongly adherent subpopulations were isolate by exposure to pre-determined low and
high shear stresses, respectively, in a microfluidic flow chamber as previously
described(/79). Weakly and strongly adherent cell fractions were seeded onto 2.4 mg/mL
Type I collagen gels (Corning) and imaged with a Nikon Eclipse Ti-S microscope
equipped with a temperature- and CO2-controlled stage for 24 hours, after which their
migration was tracked and analyzed using a custom MATLAB script. Cells that divided

or did not remain in the frame for 24 hours were not tracked.

453 Isolation of MDA-MB 231 cells in tumor and surrounding stroma

All animal care and experiments were approved by the Institutional Animal Care
and Use Committee of the University of California, San Diego. 1 X 10°® MDA-MB 231
cells, expressing GFP and Luciferase, were suspended in 40 pL of Matrigel-PBS (1:1)
mixture and were injected bilaterally into the inguinal mammary fat pads of 11-week-old
female NOD/SCIDy mice. Tumor growth was monitored at 2-week intervals and the mice
were sacrificed at 6 weeks post-injection. Mice were dissected and the fat pads were
surgically removed. Using an inverted fluorescent microscope, the stiffened tumor bolus
was manually separated from the surrounding stroma. Both tumor and stroma were finely

minced then treated with Accumax and placed on a shaker at room temperature for 2 hours.
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Cells were then pipetted through a 70 um cell strainer and neutralized with culture media,
after which they were centrifuged and resuspended in FACS buffer (2% goat serum, 5 mM

EDTA in PBS). GFP-positive cells in tumor and stroma sections were sorted via FACS.

454 Quantification of cellular adhesion strength

GFP-positive MDA-MB231 cells from tumor and stroma fractions were seeded
onto 25 mm glass coverslips—coated with 2 pg/mL of fibronectin and blocked with 5%
bovine serum albumin—and incubated overnight at 37°C. Cells were then exposed to shear
stress at varying RPMs using the spinning disk shear assay as previously described(917).
Cells were immediately fixed in 3.7% formaldehyde for 10 minutes, after which they were
stained with 1:2000 Hoechst in DI water. Quantification of cellular adhesion strength was

performed as previously described(97).

4.6 Acknowledgements
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4.7 Supplementary Figures
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Supplementary Figure 4.1. GFP-Luciferase lentiviral transduction does not alter inherent heterogeneity of
MDA-MB231 cells

(A) After treatment with puromycin to select for cells that expressed Luciferase, cells were sorted using
FACS for GFP+ signal. (B) GFP expression was verified using fluorescence microscopy. (C),(D) Weakly
adherent cells were more migratory than their strongly adherent counterparts, consistent with previous
findings.
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Supplementary Figure 4.2. Tumor growth was monitored using IVIS and GFP+ cells can be sorted from
tumor and stroma.

(A) Tumor growth was monitored using IVIS at 2-week intervals using (B) total flux as a measurement. (C)
After manual separation of the stiff tumor from the surrounding stroma and dissociation into single cells,
GFP+ cells could be isolated from both tissue fractions using FACS.

97



Chapter 5.

Conclusions

5.1 Introduction

Cell-ECM interactions are an important factor in tumorigenesis and dissemination
of cells from the primary tumor, as well as establishment of secondary sites. As detailed in
Chapter 1, tumor microenvironments can be reconstructed in vifro using natural and
synthetic materials, and engineered biomaterials can help identify the effects of specific
ECM components on cancer progression. Cell-ECM interactions can also be exploited to
detect and diagnose cancers both in vivo and ex vivo. In particular, the attachment of cancer
cells to ECM, preference for specific ECM components, and the navigation of cancer cells
through the ECM have enabled the development of in vivo and ex vivo technologies that
can preferentially distinguish metastatic tumor fractions both within a tumor populations
and across different populations. Cell-ECM interactions have brought to light innate
biophysical properties that are shared between cancer cells of different epithelial origins

and can be implemented in diagnostic assays to detect the most aggressive cancer cells.

5.2 Metastatic cancer cell populations display decreased
adhesion strength and more labile focal adhesions

compared to non-metastatic counterparts

98



Epithelial cancers demonstrate a remarkable heterogeneity in invasiveness and
metastatic capabilities across patients. Recently, there has been a push to identify common
signatures that distinguish more aggressive tumors not only with an epithelial cancer type,
but also across cancers of different origin tissues. However, there are no universal
biological markers that can distinguish more aggressive tumors from their less aggressive
counterparts. As mentioned in Chapter 1, biophysical metrics that rely on specific
interactions between cancer cells and the surrounding ECM have come into focus as
potential universal biomarkers that identify tumoral invasive and metastatic capability
based on observed mechanobiological differences. In Chapter 2, we focus on population
adhesion strength as a biophysical metric to distinguish metastatic from non-metastatic
breast cancer populations. We utilized a spinning-disk shear assay to quantify adhesion
strength of cells with different metastatic potentials in the presence or absence of divalent
cations (Mg?* and Ca®"). In the absence of cations—which mimics normal tissue—
metastatic breast cancer cells displayed a reduced adhesion strength compared to their non-
metastatic breast cancer and normal breast epithelial cell counterparts. We found that
strongly adherent MDA-MB231 cells isolated at high shear stress showed decreased
motility and processivity when compared to unselected cells in both 2D migration on
collagen gels as well as in transwell migration assays. The decreased adhesion strength of
MDA-MB231 cells in comparison to MCF10A cells can be attributed to faster focal
adhesion disassembly in the absence of cations in the metastatic cell line. When MCF10A
cells were exposed to RGD to functionally block integrins they experienced a decrease in
adhesion strength as well as an increase in migration. These data suggest that focal

adhesions in more metastatic cells are more labile and thus more sensitive to changes in
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external cation concentrations in comparison to non-metastatic cells, which could drive

differences in metastatic potential.

5.3 Weakly adherent cells within a heterogeneous
population represent the most migratory and

aggressive fraction

Similar to the heterogeneity in metastatic capability across patient tumors, there is
an inherent heterogeneity within the population. As a result, certain cell fractions within a
given population are more likely to disseminate from the primary tumor, denoting the most
aggressive cells in the population. In Chapter 2, we discussed how metastatic cells have
weaker population adhesion strength in comparison to non-metastatic cells. In Chapter 3,
we investigated the increased migratory and metastatic potential of weakly adherent cells
in comparison to strongly adherent cells within the metastatic MDA-MB231 breast cancer
cell line. We utilized a microfluidic chamber to isolated weakly and strongly adherent cells
by exposing an inherently heterogeneous cell population to low—to isolate weakly
adherent—and high—to isolate strongly adherent—shear stresses. Isolated weakly
adherent cells displayed increased migration in both 2D and 3D environments in
comparison to strongly adherent cells. Similar to findings detailed in chapter 1, the
decreased adhesion and increased motility of the weakly adherent cell fraction can be
attributed to increased focal adhesion disassembly and sensitivity to external cation
conditions as well as increased contractility. RNA sequencing and analyses of weakly and

strongly adherent fractions revealed inherent transcriptomic differences in expression of
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genes associated with the cytoskeleton, particularly microtubules, and motor proteins
involved in vesicular transport and contraction. When the gene expression profile of
weakly and strongly adherent cells were compared to triple negative breast cancer patient
datasets obtained from The Cancer Genome Atlas, we found that patients with gene
expression profiles that aligned closely with weakly adherent cells had decreased
progression-free and disease-free intervals than patients that aligned closely with strongly
adherent cells. When we treated weakly and strongly adherent cell fractions with
nocodazole and paclitaxel, we observed a decrease in migration speed of weakly adherent
cells but no change in the migration speed of strongly adherent cells. This study reveals the

potential of using weak adhesion as a biophysical metric of metastatic capability.

54 Locally invaded cancer cells demonstrate decreased

adhesion compare to cells within the tumor

In Chapter 3, we found that weak adhesion strength corresponds with increased
migratory propensity due to more dynamic focal adhesions and increased contractility.
However, the data was acquired in an in vitro setting and we wanted to investigate if weak
adhesion corresponds to increased invasion in vivo. We injected GFP and Luciferase-
expressing MDA-MB231 cells into the mammary fat pads of NOD/SCIDy mice and
monitored tumor growth at 2-week intervals. Upon resection of the tumor, we manually
separated tumor from stroma and isolated GFP+ cells using FACS, after which their
adhesion strength was assessed using a spinning disk shear device. We observed that the
cells that have invaded into the stroma displayed a decreased adhesion strength compared

to cells that remained in the tumor, indicating that adhesion strength is an indicator of more
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aggressive cells. We will further validate this claim by implanting PDXs into murine
mammary fat pads, resecting the tumor and dissociating into single cells, and both
sequencing and shearing the cells. The percent of cells detached and how well the gene
expression corresponds to the previously-defined weakly adherent cell signature will
provide a prediction of recurrence. Simultaneously, the mice will be monitored for
recurrence and the survival data will be compared to the prediction based on cellular

adhesion.

5.5 Future directions

While this dissertation demonstrated the potential of adhesion strength as a
biophysical marker of cancer cell aggressiveness, additional studies are required to further
validate this link. The next step is to further investigate if the findings are recapitulated in
vivo. We showed in Chapter 3 that the weakly adherent signature correlated with decreased
disease-free interval in triple negative breast cancer patients. Firstly, we can expand upon
this finding and refine the weakly adherent signature described in Chapter 3 by shear
sorting weakly adherent cells from a wide range of breast cancer cell lines of varying
metastatic potentials and performing RNA sequencing on the cell fraction to determine the
similarities between weakly adherent cells and identify a unique weak adhesion signature.
Narrowing down the most significant proteins that overlap between these sets can help
identify proteins that are responsible for heterogeneity in metastatic potential across and
within tumors. Using a tissue microarray with known patient outcomes, we can stain for
the presence of these target proteins and confirm that their presence is heterogeneous both

across and within tumors and can be correlated to difference in patient outcomes. We can
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also compare this signature to the RNA sequencing results from the PDX cells outlined in
the Future Directions section of Chapter 4 to obtain an improved correlation score. We can
further use this refined signature by RNA sequencing patient biopsy samples and mapping
their expression to our refined signature to predict the likelihood of recurrence and monitor
the patient’s disease progression to validate the predictions.

Secondly, since we found this link between adhesion strength and aggressive
behavior across cell lines of different epithelial tissue origins (lung, breast, and prostate
cancer), we can compare the weakly and strongly adherent cells of these three cancer cell
lines through RNA sequencing to find proteins that are expressed across different cancers

and can reveal universal protein targets.
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