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ABSTRACT OF THE DISSERTATION

Cell Motility and Deformability in the Pathogenesis of Lung Cancer

by

Paul Carmelo Pagano
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2015

Professor Steven M. Dubinett, Chair

Lung cancer is the leading cause of cancer death in the United States and the
world. The most effective therapy is surgical resection, but lung cancer recurs in
approximately 50% of patients, most commonly as metastatic disease. This suggests
that micrometastatic disease is often already present at the time of surgery, but below
current levels of clinical detection. This is consistent with the reports of circulating tumor
cells (CTCs) in patients with Stage | non-small cell lung cancer (NSCLC). Although
metastatic behavior is often considered a late event, these clinical findings suggest that

the metastatic process is also operative early in the pathogenesis of the disease. These



clinical observations are consistent with recent laboratory-based investigations
indicating that dissemination may occur during early tumor development. Furthermore,
recent studies implicate the genetic program associated with epithelial-mesenchymal
transition (EMT) in driving early metastatic behavior during pancreatic premalignancy.
Herein we demonstrate that common NSCLC-associated mutations (p53 loss and
KRAS activating mutation) and over-expression of Snail, a driver of the EMT program,
results in enhanced motility in non-transformed human bronchial epithelial cells
(HBECs). In analyzing motility at the single-cell level, great heterogeneity in velocity was
unveiled; over an order of magnitude difference between the fastest and slowest moving
cell exists. Our overarching hypothesis is that there are factors attributed to highly
motile cells that extend beyond speed, particularly enhanced metastasis. We developed
a novel selection technique involving migration through microporous membranes, and
we successfully isolated cells with the highest and lowest migratory capacity. And while
it is widely believed that cell migration is a transient and stochastic event, we show the
intrinsic and heritable nature of this behavior. Concomitant with changes in migration
were changes in biophysical properties such as cell volume, ability to spread, and
deformability. Highly migratory and deformable cells also show increased survival in a
murine model of metastasis, overcoming a crucial juncture in metastatic inefficiency first
described by Leonard Weiss and observed by many others in the field. At the molecular
level, highly migratory cells show increased activation of Rac1, a Rho-family GTPase
involved in actin polymerization and cell motility. Pharmacological inhibition of Rac1
decreases motility in highly migratory cells. Inhibition of RhoA, a negative regulator of

Rac1, enhances motility in both highly migratory and non-migratory HBECs. Highly



migratory cells form fewer and smaller colonies than unselected counterparts in an
anchorage-independent growth assay. However, cells within colonies formed by
micropore-selected cells move rapidly, whereas cells in unselected colonies remain
stationary. This corroborates a “grow or go” phenotype described by others.

Metastasis is the predominate cause of cancer death in patients, and while tumor
formation is attributed to uncontrolled cell growth, metastasis is more related to aberrant
cell motility and deformability. Although a tumor is made up of many cancer cells, only a
small percentage of these cells are metastatic. The work included in this dissertation
has important implications in determining the mechanisms behind aberrant lung
epithelial cell motility in both early and late stages of the disease, and provides the
foundation for future research that may lead to preventative therapeutic approaches to

thwart these processes.
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CHAPTER ONE: A review of the literature



Lung Cancer and Premalignancy

The estimated new cases of lung cancer exceeded 224,000 in 2014, and the five
year relative survival rate has increased meagerly from 11.4% in 1975 to 17.5% in 2007
(1,2). This is in part due to the lack of early detection and the fact that early stage
disease is typically asymptomatic (only 15% of cases are diagnosed at early stage). As
such, the majority of cases are caught in the later stages of disease when sufficient time
to form large metastases has passed (3). While recent reports show a 20% reduction in
lung cancer mortality as a result of low-dose CT screening in high-risk individuals (4,5),

much work remains in stopping this deadly disease.

Lung cancer is divided into two types: small-cell lung cancer and non-small cell
lung cancer (NSCLC), the latter of which accounts for greater than 85% of all cases.
The information in this chapter, as well as the work discussed in this dissertation, relate
to NSCLC. NSCLC is divided into three subtypes: adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma, all which have unique histological characteristics.
Historically, treatment for lung cancer was based on the pathology of the tumor (6).
While the cells of origin for these cancer types are under debate, it is known that
adenocarcinomas and large cell carcinomas typically arise in the lung periphery,
whereas squamous cell carcinomas typically arise in the central airway (7).
Adenocarcinoma and squamous cell carcinoma, the two major subclasses of NSCLC,
are typically differentiated by morphological criteria and immunohistochemistry, which
aids in tailoring therapy (8,9). For example, bevacizumab improves survival in patients
with adenocarcinoma; however, the drug is contraindicated for squamous cell

carcinoma due to risk of pulmonary hemorrhaging (10). However, challenges do exist in



the morphological classification of lung tumors: tumors can present as having mixed
subtypes, or as being poorly differentiated. As such, identification of molecular

aberrations can be helpful in guiding a treatment strategy.

Great strides have been made in recent years in characterizing the genetic and
molecular landscape of NSCLC, particularly with respect to the identification of
mutations in oncogenes and tumor suppressors, as well as their associated pathways
(11,12). For example, identification of mutations in epidermal growth factor receptor
(EGFR) or gene rearrangements in anaplastic lymphoma kinase (ALK) and RET have
led to new therapies that have had a dramatic impact on patient survival. However, it
stands that the majority of lung cancers lack a known driver oncogene, or harbor
mutations in genes that are common but currently not clinically actionable, such as in
KRAS mutant lung cancers. In addition, resistance to targeted therapy is a constant
battle. Resistance to treatment with gefitinib or erlotinib, first line treatments for lung
cancers with known EGFR mutations, has been shown to occur by a variety of
mechanisms, including secondary mutations in the EGFR kinase domain (T790M) or
MET amplification (13-16). Although we have greatly expanded our knowledge of the
molecular makeup of NSCLC, another confounding factor contributing toward its
devastating disposition is our lack of understanding of the natural history of the disease,

beginning with premalignancy.

Lung premalignancy is defined as the stepwise pathological progression and
accompanying molecular alterations of otherwise histologically normal epithelium to

hyperplasia, metaplasia, dysplasia, and carcinoma in situ (7,17), which are collectively



known as premalignant lesions. And while some of the genetic and molecular
alterations have been defined at these various stages, including loss of the tumor
suppressor P53, telomerase deregulation, and loss of expression of various cell cycle
checkpoint factors, there is no set of defining features that will with high predictive value
confirm which lesion will progress to frank malignancy. Uncertainties about the clinical
behavior of premalignant lesions can lead to either inappropriate inaction or
inappropriately aggressive treatment, both of which can result in harm to the patient.
This is related to the fact that targeting premalignancy in lung is more complicated than
in other more physically accessible tissues such as the skin, breast, or colon.
Preliminary studies have been performed which look more deeply at the molecular
events associated with progression of lung premalignant lesions through sequencing of
laser-capture microdissected histologically-normal lung and premalignant lesions from
the same specimen (18); however, much work remains to be performed to help
determine what cellular and molecular events in early lesions will result in progression
to invasive carcinoma. Because these lesions are challenging to track in situ
longitudinally, human bronchial epithelial cells (HBECs) represent an attractive model

for in vitro and in vivo studies.

HBECs serve as a preclinical model of early lung cancer pathogenesis, and they
allow us to answer many questions that cannot be addressed in the context of studies
with established lung cancer cells. HBECs isolated from patients who are at risk for lung
cancer have been immortalized in the absence of viral oncoproteins using ectopic
expression of human telomerase and cyclin-dependent kinase 4, two genetic

aberrations that are characteristic of most premalignant lung lesions (19,20). At



baseline, HBECs are non-tumorigenic and closely resemble normal airway epithelium at
histological and molecular levels. With the step-wise addition of P53 silencing and
KRAS activating mutations (HBEC-P53/KRAS), these cells more closely resemble at-
risk epithelium (21). Work in our lab and others have described the genetic program of
epithelial-mesenchymal transition at play in early lesions. With the subsequent addition
of the EMT transcription factor Snail (HBEC-P53/KRAS/Snail), these cells acquire
anchorage-independent growth (AlG) in vitro and give rise to tumors and metastases in

vivo (22,23).

Epithelial-Mesenchymal Transition in Development and Cancer
Epithelial-mesenchymal transition (EMT) is a program first described in
development as a process whereby epithelial cells, normally interacting with adjacent
cells and a basement membrane, undergo a series of biological changes that lead to a
more fibroblast- or mesenchymal-like phenotype, including loss of cell-cell contacts,
dissolution of polarity, increased migration, and differentiation, which is fully reversible
via mesenchymal-epithelial transition (MET). And while the majority of knowledge
pertaining to EMT comes from studies in developmental biology, the focus of this
section will be on EMT in adult tissue and in the context of disease, with only brief
references to developmental processes. Snail and Twist family transcription factors are
direct repressors of E-cadherin transcription, are critical to EMT, and many
developmental processes do not occur in their absence (24). EMT in development
involves both the migration and differentiation of cells. Migration of cells is regulated

through various Rho family GTPases, which will be discussed in detail later on. Cell



differentiation occurs in response to factors in the microenvironment that allow for a
more restricted differentiation program resulting in unique cell types. These factors
include hepatocyte growth factor (HGF), fibroblast growth factor (FGF), and
transforming growth factor beta (TGFR), and their signaling will eventually result in the
formation of various organ systems (25,26). It is important to state that while epithelial
migration and differentiation are critical in development, they are activated in few
physiological processes in healthy adult tissue, such as in response to injury. During
wound healing, keratinocytes at the border of the wound undergo a partial EMT, which

allows them to migrate collectively with nearby cells in a SNA/2-dependent manner (27).

EMT plays an important role in cancer. Kalluri and Weinberg define three types
of EMT: type 1, related to development, type 2, with wound healing, and type 3, with
metastasis from tumors (28). Many of the signals that initiate and maintain EMT in
development are also present in cancer-associated inflammation, such as TGFR, HGF,
EGF, PDGF and IL-1R (29,30). The factors induced by this signaling, including Snail,
Slug, Twist, Zeb, Goosecoid, and FOXC2, are responsible alone or in concert to
implement the EMT program, encompassing intricate relationships among

transcriptional, translational, and epigenetic mechanisms (31).

Cell invasion and metastatic progression are hallmarks of cancer that are
typically considered to be mediated by EMT and associated with late stage disease
(28,32,33). Recent studies reveal that in addition to invasiveness, up-regulation of
members of these transcriptional repressor families mediates a variety of important

tumor-initiating and -promoting characteristics, including expansion of stem cell



phenotypes, angiogenesis, and apoptosis resistance (34). As per the “linear progression
model,” EMT only occurs in rare cells at the leading invasive edge of advanced cancers,
facilitating the final step in tumor progression (metastasis). Recently, several groups
have demonstrated that EMT also drives malignant transformation and early
dissemination in epithelial malignancies, including tobacco-related cancers (35-37).
Furthermore, it was recently proposed that EMT promotes dissemination of lung
epithelial cells prior to, or concomitant with, their malignant conversion (38). This
process, now termed “the parallel progression model”, was highlighted by Sanchez-
Garcia in the New England Journal of Medicine because it represents a paradigm shift
in terms of our understanding of lung cancer development, progression, and metastasis.
Most importantly, the parallel progression model represents a more accurate model of
the clinical observation that 50% of patients with early stage lung cancer undergoing
surgery return with metastatic disease, indicating that undetected micrometastatic
disease was already present at the time of surgery. The mechanisms underlying EMT-

driven parallel progression in the setting of lung cancer have not yet been determined.

Cell Polarity and Molecular Mechanisms in Motile Cells

While a variety of cell types necessitate movement at various points in
developing and adult tissues, this review will focus on adult epithelial cells. With the
exception of an EMT, normal epithelial cells are relatively stationary in situ, bound by
neighboring cells and the basement membrane (28). Here, the cellular surface that
interfaces with the external environment is called the “apical” surface, and the “basal”

surface interacts with the basement membrane. This type of organization is known as



apical-basal polarity, and allows for directional transport of nutrients, ions, and waste
products in and out of the body (39,40). In physiologically normal epithelium, bronchial
epithelial cells are expected to remain rather stationary. However, in the instance of
insult to the epithelium, epithelial cells have the potential to undergo cell death, thus
leaving a gap in the cell layer. Vaughan et al show that a rare population of epithelial
cells within the murine lung possessing progenitor capacity can migrate to the site of
injury and repopulate the epithelium, thus filling the gap (41). Although not stated
outright, it is likely that these cells initially transition to a different type of polarity, called
“front-rear” polarity, during transit, and upon arrival switch back to apical-basal polarity
in order to integrate and recreate a functional epithelium. This alternative form of
polarity was first described in vitro in the context of motile cells in two dimensions, in
which cells have a leading “front” edge, where intense actin polymerization takes place,
and a trailing “rear” edge, where actomyosin contractility dominates to retract the rear

(42).

The translocation of cells, whether in two or three dimensional space, is broadly
defined as cell motility. For movement of cells to occur, polymerization of globular actin
subunits into filamentous actin in spatially advantageous regions of the cell must
transpire, such that any force generated by the filamentous actin on the cell membrane
can be used for expansion of the cell membrane in the direction of actin polymerization
(43). The expansion of multiple branched actin filaments away from the cell body
creates a large “foot-like” structure at the leading edge of the cell known as the
lamellipodium, which is a flat, thin protrusion mainly composed of polymerized and

highly branched actin. Actin dynamics, the processes by which actin is polymerized, de-



polymerized, cleaved, cross-linked and otherwise structurally altered requires a
multitude of factors, and it may be helpful to describe this process beginning with the

molecular switches that regulate maotility.

Rho family GTPases comprise 22 characterized members including RhoA, Rac1,
and Cdc42, which are the best described. Collectively they act as molecular switches,
cycling between the GTP-bound active state, and GDP-bound inactive state (44). Itis in
the GTP-bound active state that these GTPases can influence motility via a variety of
effectors through binding-induced conformational changes. For example, RhoA-GTP
binds Rho-associated kinase (ROCK) and Rac1-GTP or Cdc42-GTP bind p21-activated
kinase (PAK), which then convey regulatory signals through phosphorylation of various
downstream targets (45,46). Rac1 and Cdc42 drive actin polymerization through
different Wiskott-Aldrich Syndrome Family Proteins (WAVE and WASP), which
eventually activate the Arp2/3 complex. Arp2/3 has an actin binding domain that binds
the fast growing end of an actin filament (barbed end) and can facilitate actin branching
by introducing a new platform for globular actin to nucleate at a 70 degree angle to the
original filament (actin branching) (47). Formin proteins mDia1 and mDia2, which bind
the barbed-end of actin filaments, sequester profilin-bound actin subunits, serially
adding them to the growing filament. As stated previously, polymerization of filaments
with Arp2/3-mediated branching leads to the Rac1-dependent generation of
lamellipodia, a structure involved in cell propulsion. Polymerization of filaments against
the membrane in the absence of Arp2/3-mediated branching leads to the Cdc42-
dependent generation of filopodia, structures that are involved in probing the

extracellular environment and cell attachment (43). Filament elongation can be stopped



by non-severing capping proteins, which compete for filament binding with formins (48).
Branching of filaments occurs with the help of actin depolymerization factor/cofilin
(ADF/cofilin), which severs actin filaments and allows the binding of the Arp2/3 complex
and subsequent polymerization in a branched fashion. This process is crucial for
lamellipodium formation, which is orchestrated through Rac1 pathway activation. While
Cdc42 and Rac1 are responsible for motile force due to actin polymerization and the
production of filopodia and lamellipodia, respectively, activation of the RhoA pathway
leads contractility-related force through actin stress-fiber formation (42). Stress fibers
are composed of bundles of actin filaments and are associated with actin binding
proteins and myosins (49). RhoA-GTP activates ROCK and myosin light chain kinase
(MLCK), which facilitate phosphorylation of myosin regulatory light chain 2a (MLC2a).
This is the dominant non-muscle myosin which when phosphorylated is activated for
actomyosin contractility. Ventral stress fibers in a migrating cell terminate at focal
adhesions, basal membrane-proximal multi-protein complexes that connect the
cytoskeleton to the extracellular environment (50). RhoA pathway activation is also
important in cell body contraction and retraction of the trailing edge of the cell, controlled

by MLC2a-mediated contraction, which allows the cell to move forward.

Regulation of the actin cytoskeleton has evolved in such a way to rapidly respond
to stimuli. Hesitation would result in immune cells inefficiently clearing a microbial
infection, or epithelial cells incompetently closing a wound. As such, there is little
currently known about transcriptional regulation of various cytoskeletal components
(51). Simple polymerization of actin can release transcription co-factors to the nucleus,

such as myocardin-related transcription factor (MRTF) cofactors, and allow transcription
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of genes involved in cell motility regulation, including capping proteins and GTPase
activating proteins (52,53). However, much of what is known about regulation is based
on post-translational modifications, and enzymatic or scaffolding functions of various
actin binding proteins. As mentioned previously, GTPases are the major regulators of
actin dynamics, and their activity is regulated by exchange of GDP for GTP by guanine
nucleotide exchange factors (GEFs) and GTP hydrolysis by GTPase activating proteins
(GAPSs). As activators of GTPases, GEFs are found downstream of cytokine and growth
factor receptors, cell adhesion molecules, and integrins (54). Phosphorylation
commonly regulates components of the actin cytoskeleton. For example, cofilin severs
actin filaments. Upon phosphorylation by LIM kinase, severing ability is abolished due to
inability to bind F-actin (55). Lipidation can also regulate various proteins involved in
actin dynamics, including the Rho family GTPases themselves (56).
Farnesyltransferase and geranylgeranyl isoprenoid transferase add farnesyl or geranyl
lipids, respectively, to cysteine residues of various Rho family members, leading to
increased hydrophobicity and their association with the lipid membrane. Without

membrane localization, Rho will remain inactive in the cytosol (57).

Biophysical cells: Matrix stiffness, cellular deformability and confinement

Cell movement, including tumor cell metastasis, is largely facilitated through
interaction with the extracellular matrix (ECM), which is the environment in which a cell
interacts. The ECM is composed of fibrous proteins (collagen, and elastin) and
glycoproteins (fibronectin, laminin, and proteoglycans) (58). The ECM provides a

physical support for cells, as well as provides boundaries for various tissues and
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organs. The composition of the ECM can vary depending on the physiological role or
state of the tissue. Annoni et al determined that the ECM composition of patients with
chronic obstructive pulmonary disease (COPD) contained fewer elastic fibers in all lung
compartments compared to non-obstructed smokers and non-smoking individuals (59).
As a result of the differing composition, different ECM stiffness profiles are obtained,
which in the context of metastatic behavior has implications in cell motility and
migration. Cells will migrate towards stiffer material when plated on a gradient of
increasing stiffness, a process known as “durotaxis” (60,61). Many of the original
findings related to durotaxis use 2-dimensional substrates; however, the environments a
cell will encounter in situ are more often than not 3-dimensional matrices. So in addition
to crawling along a gradient of increasing rigidity, cells must also posses deformability
characteristics that will allow them to traverse confined space on the order of microns

(62,63).

Cellular deformability is a property related to the elasticity and flexibility of a cell
under load. Studies of cancer cell deformability date back to Leonard Weiss in 1965,
where micropipette aspiration was used to determine the pressure required to deform a
cell membrane (64). Growing evidence supports correlations between deformability and
metastatic potential, cell cycle, and stem cell differentiation state (65-68). Multiple
factors play a role in how deformable a cell is, including the cytoskeleton, nuclear

architecture, and membrane composition.

The cytoskeleton is composed of actin filaments, intermediate filaments, and

microtubules. Actin filaments, in conjunction with bundling proteins, form a dynamic

12



meshwork that provides the cell with mechanical stability (69). Gardel et al found that
the mechanical stiffness can vary by several orders of magnitude with small changes in
actin filament cross-linking concentration, and that upon application of an external
stress, the amount of cross-linking can increase rapidly (70). Intermediate filaments
include cytokeratins and vimentin, among others. Together with actin filaments, they
have the largest contribution to overall cellular stiffness (71). Studies have shown that
vimentin increases cellular stiffness, and stiffening occurs in response to applied stress
in vitro (72). The nuclear lamins are distinct class of intermediate filaments, which will
be discussed later. While actin filaments play a critical role in directly driving motility, as
described earlier, microtubules are the unsung hero in motility and structural integrity of
the cell. Microtubules are a hollow polymer composed of a helical distribution of alpha-
and beta-tubulin subunits, and are canonically involved in transport of vesicles and
macromolecules across the cell via dynein and kinesin motors. In a migrating cells,
microtubules orient in the direction of movement, with the microtubule organizing center
in front of the nucleus, as to provide factors necessary for actin polymerization rapidly.
The bending stiffness, or resistance to bending deformation, of microtubules is over
100-fold compared to actin filaments (73). Microtubules appear to buckle when viewed
in cells, suggesting they are under periodic compressive load, and studies have shown
they can and do withstand large forces through reinforcement with the elastic

cytoskeleton (74).

The nucleus contributes in different ways to overall cell stiffness, including
nuclear size and membrane composition. Recent work by Wolf et al suggests that

migration declines as a linear function of constriction size and with deformation of the
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nucleus, with migratory arrest reached at ~10% of the nuclear cross section (7 pm?, or 3
pum pore diameter for tumor cells) (75). They suggest that maximum compressibility is
an absolute value (~10% of the nuclear cross section) irrespective of cell type,
constitutive nuclear shape (including the multi-lobular nuclei of neutrophils), or nuclear
rigidity. The authors also suggest a non-compressible intranuclear component
(chromatin) in defining compression maximum and the physical limits of cell migration.
Chromatin in the interphase nucleus can be loosely packaged in such a way that allows
facile gene transcription (euchromatin) or densely packaged (heterochromatin), which
typically contains inactive genes. Girlitz and Bustin published findings that upon
induction of migration, the nucleus shrinks in size concomitant with the alteration of
chromatin architectural proteins HMGN2, HMGA1 and histone H1, and further that
preventing chromatin condensation resulted in decreased migration (76). Thus, cells
with greater chromatin compaction have enhanced migration through constrictive space
compared to cells with a lesser degree of compaction. Others show in addition to
nuclear size and chromatin compaction, nuclear composition plays a role in successful
migration. A major protein component of the nucleus is the nuclear lamina, and is
composed of a type of intermediate filament called lamin. There are seven lamin splice
variants derived from three genes: A-type lamins (Lamin-A, AA10, C and C2) are
derived from alternative splicing of the LMNA gene, and B-type lamins (Lamin B1, B2-
B3) are derived from LMNB1 and LMNB2 genes, respectively (77). Lamins are involved
in DNA synthesis, transcription, and apoptosis, and it is the main structural component
that gives the nucleus its shape (78). Rowat et al has determined that the composition

of the nuclear lamina (Lamin A levels) and not the lobular shape of neutrophil nuclei is
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critical for migration through micron-scale constrictions (79). Similarly, work from the
Discher and Lammerding labs have shown that the Lamin A:B stoichiometry in various
cell types contributes to migration through micropores: cells with high Lamin A migrate
poorly; however, cells with too little Lamin A migrate well, but fail to survive which
authors contribute to mechanical stress (80,81). These results suggest that in addition
to nuclear size and chromatin compaction, nuclear lamina composition is a rate limiting

factor for successful migration through constrictive space.

It was originally determined that the single most influential molecule affecting
deformability of lipid membranes is cholesterol, and that addition of cholesterol to lipid
bilayers increased stiffness (82). However, Byfield et al determined that methyl-beta-
cyclodextrin-mediated depletion of cholesterol in bovine arterial cells increased cellular
stiffness when measured by micropipette aspiration (83). While the depletion of
membrane cholesterol resulting in increased stiffness challenges previously held
beliefs, Hissa et al later went on to show that cholesterol depletion led to changes at the
membrane-cytoskeleton interface, including stress fiber formation and actin
polymerization/reorganization, all mediated by RhoA (84). Because micropipette
aspiration cannot differentiate between stiffness due to membrane composition and
stiffness due to changes in membrane-cytoskeleton interaction, Yang et al performed
depth-sensing nano-indentation on cholesterol depleted/restored 3T3 membranes,
which exclusively measures the membrane of live cells at a 20 nm analysis depth, and
found that cholesterol depletion indeed makes membranes less stiff (85). There are
implications for membrane fluidity, and likely lipid content, in cancer metastasis. In

resected lung tumor specimens, analysis by electron paramagnetic resonance of
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lipophilic-spin probe labeled membranes showed a negative correlation between
plasma membrane fluidity and patient survival (86), and others have had corroborative
results in mouse models (87,88). Recently, Edmond et al determined that down-
regulation of ceramide synthase-6 occurs during EMT, which increases membrane
fluidity by reducing the amount of C16:0 sphingomyelin in the plasma membrane (89).
Sphingomyelin is known to decrease cell membrane fluidity, and so its absence leads to
increased cell motility and migration; although a crucial next step for this study in
particular would be to show activity in a murine model of metastasis. Membrane fluidity
and deformability differ substantially, and their relationship to one another is currently ill
defined. A firm appreciation of this relationship and connection to migration could have

substantial effects on our understanding of metastasis.

Cell deformability can be measured by multiple techniques, including
micropipette aspiration, magnetic twisting cytometry, optical tweezers stretching, and
hydrodynamic stretching. Each takes into account different compartments of the cell
(membrane, cytoskeleton, nucleus) and each has benefits and limitations. This review
will touch on atomic force microscopy (AFM) and hydrodynamic stretching. AFM is a
technique that probes individual cells using a micro-cantilever with a tip that glides over
the cell surface (contact mode) (90). Deflection of the cantilever caused by differences
in cell rigidity is measured by changes in deflection of laser light that is reflected off the
tip of the cantilever onto a photodiode. The force required to maintain constant
deflection over the cell surface is related to cellular elasticity. Work from the James
Gimzewski lab and others have made extensive contributions to our understanding of

mechanical stiffness in the context of metastatic potential and drug resistance using
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AFM (91-93). These studies show that metastatic cells tend to be less stiff than non-
metastatic ones, and that cisplatin-sensitive cancer cells show a dose-dependent
increase in stiffness. While AFM is useful for measuring the contribution of membrane
and cytoskeletal components to deformability, it is a low throughput method (one cell
per minute) (94). Recently, a microfluidic-based hydrodynamic stretching technique,
called deformability cytometry (DC), was developed at UCLA by Dino Di Carlo. This
technique uses hydrodynamic forces to stretch cells uniformly in a microfluidic chip
followed by high-speed imaging to discern changes in cell shape and size as a result of
applied stress (94). Deformability (D) is a unitless measure defined as the maximum
ratio of the long to short axis of a cell stretched with a standard stress, such that a cell
with a lower stiffness will have a corresponding higher deformability. Deformations are
recorded by a high-speed camera (500,000 frames per second) and image analysis
programs report cell size and deformability. This method is capable of measuring
several thousand cell deformations per second and is useful for distinguishing
epigenetic changes, such as chromatin modification and nuclear architecture alterations
(94), and has recently been used to diagnose malignant plural effusions (95). While it is
high throughput and analyzes cells at the single cell level, it currently lacks the ability to
measure cells while adherent and migrating. As mentioned previously, cell deformability
has been correlated to the metastatic potential of cancer (65,92,96); lines with high
metastatic potential are typically more deformable. However, the clinical observation
that most cells attempting to cross the endothelial barrier succumb to shearing (97)
implies that some level of rigidity is still required for survival. This suggests there is

more to this story that we do not fully understand.
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As mentioned briefly before, the mechanical properties of cells have also been
correlated with malignancy. Work by Guck et al showed optically-induced surface forces
that lead to trapping and stretching of single cells (optical stretching) was sensitive
enough to monitor the subtle changes during malignant progression in both murine and
human models of carcinogenesis (96). They determined that non-transformed tissue
(mouse fibroblasts and human breast cells) were less deformable than fully transformed
counterparts. Furthermore, work from the Guck group later showed that optical
stretching could be used to differentiate normal versus malignant cells from patients
with oral squamous cell carcinoma (98). Researchers have found that high deformability
is a characteristic of tumor-initiating cells (TICs), cells capable of repopulating a tumor,
within cancer cell lines (99). Specifically, utilizing a microfabricated device that uses
barriers of decreasing permeability, breast cancer cells in suspension were sorted by
deformability and analyzed for TIC properties, including CD44/CD24 expression and
mammosphere formation. Significant limitations of this study were that the cells had
already undergone transformation and that the cells did not pass through the barriers on
their own accord (passive deformability), the latter being a property that is likely critical
for passing the endothelial barrier. Questions remain on how active deformability relates

to the TIC phenotype and how they relate to metastasis.

Recent studies by Hung et. al. provide a strong rationale to study deformability
and motility in concert; cells migrating in confined channels utilize different signaling
mechanisms from those in unrestricted spaces. In unconfined space, cells utilize Rac1-
mediated mechanisms for motility. In confined space, Rac1 is inhibited through o431

integrins, which allows for RhoA-mediated myosin Ila contractility (100). It has been
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suggested that these confined spaces are more physiologically relevant for assessment
of migration (101) and thus metastatic behavior. Others have found that confinement of
cells results in enhanced motility (102,103). In the absence of focal adhesions,
mesenchymal cells under confinement can switch to fast amoeboid-type motility by two
distinct processes: one involving a local protrusion and a second involving myosin-II-
dependent mechanical instability of the cell cortex that leads to global cortical flow
(104). Future work should attempt to recapitulate these observations in a context-
specific manner in vivo (i.e. disease state or tissue location), perhaps by using intravital
2-photon microscopy. These studies will more fully materialize the impact of this work

on our understanding of cell migration in development and disease.

19



Significance

Metastasis is the underlying cause of greater than 90% of cancer-related
suffering and mortality (105). However, the inhibition of tumor growth remains the focus
of therapeutic strategy and there are no FDA approved drugs that prevent metastasis
(106). While the formation of a tumor is a problem of uncontrolled cell growth,
metastasis is a problem of uncontrolled cell motility (107). Part of the problem is our lack
of understanding of what drives movement in the human adult epithelium, a tissue that
otherwise should be non-motile. While the vast majority of studies related to metastatic
behavior involve tumor cells, we hypothesize that cells representative of lung

premalignant lesions also have the capacity to move.

The physical properties of velocity and deformability in the context of EMT,
cancer initiation and progression, and early metastatic dissemination have not been
directly explored due to our previous lack of a reliable means to isolate and
subsequently characterize cells based on these properties: there is an incredible
amount of heterogeneity with respect to behavioral and biomechanical properties
amongst otherwise homogenous cell populations. An initial description of how motility
drives metastatic behavior of pulmonary lesions is desperately needed in order to direct

therapeutics towards the rare but lethal metastatic cell subpopulation.

The natural history of pulmonary premalignancy and progression to lung cancer
remain obscure. The information in this dissertation extends the histological studies of
premalignancy that Auerbach began 50 years ago (108) by beginning to define the

underlying molecular determinants of enhanced motility that characterizes a subset of
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premalignant pulmonary epithelial cells. In the long-term, this research will contribute to
establish definable properties of pulmonary premalignant lesions that predict the
likelihood of progression to lung cancer and early dissemination. Translation of these
results could profoundly change the way in which we address the clinical problem of the
individual at high risk for lung cancer or the patient at risk for recurrence of the disease
following surgery. Discovery of the molecular determinants of cell motility in early stage
lung cancer pathogenesis could lead to the development of agents that target the

metastatic phenotype in patients at risk in the perioperative period.
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CHAPTER TWO: Ex-vivo micropore selection isolates a subpopulation of lung

epithelial cells with altered biophysical, molecular, and metastatic properties
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Abstract

Lung cancer is heterogeneous both among different tumors and in terms of the
properties of cells within an individual tumor. However, little is known regarding cellular
heterogeneity for biophysical properties such as cell motility and deformability and their
relationship to metastatic behavior, especially in early disease pathogenesis. In this
study, we isolated a subpopulation of premalignant lung epithelial cells with high
migratory capacity, and found these cells to have over 100-fold enhanced migration
rates through microporous constrictions which are Rac1-dependent, and to maintain this
phenotype through multiple cell divisions (heritability) for greater than 8-weeks post-
isolation. This lung epithelial subpopulation stably exhibited unique stiffness profiles
measured by deformability cytometry and atomic force microscopy, and an increased
cell spreading morphology. In a murine model of metastatic seeding, similar selected
cells show greater survival in the lung, overcoming an important aspect of “metastatic

inefficiency,” first described by Leonard Weiss.

Significance: Overall, our results indicate that among premalignant epithelial cells,
subpopulations with heritable migration-related biophysical properties may facilitate
metastatic capacity early in the pathogenesis of lung cancer. Understanding and
targeting/preventing these critical molecular and biophysical mechanisms provide a new

therapeutic approach to prevent metastases in early stage lung cancer.
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Introduction

The most effective therapy for early stage lung cancer is surgical resection,
however ~50% of these patients will still die of metastatic disease (1). Thus,
micrometastatic disease must already be present at the time of surgery, but below
current levels of clinical detection. This is consistent with the reports of circulating tumor
cells in patients with Stage | non-small cell lung cancer (NSCLC) (2,3). Although
metastatic behavior is often considered a late event, these findings suggest that the
metastatic process is also operative in early stage disease, and are consistent with
laboratory-based investigations indicating that dissemination may occur during early
tumor development, particularly in the context of epithelial-mesenchymal transition

(EMT) (4-8).

A major question is whether all cells within a tumor are capable of metastases or
whether this crucial property resides in only a subset of cells and thus represents
clinically important intra-tumor heterogeneity. While cells derived from a clonal
population can vary widely in their gene expression profile (9), an important and
overlooked level of heterogeneity is in biophysical and behavioral properties of cells
such as stiffness, motility, and migration. Recently, Liu et al. and Ruprecht et al.
described how confinement in a 3-dimensional space and contractility influence motility
mode plasticity (where low adhesion induced “fast” amoeboid migration of “slow”
mesenchymal cells) and instigate a mode termed “stable bleb migration” in embryonic

and tumor cells (10-12).

Cell stiffness correlates with the metastatic potential in a variety of malignancies
(13-15), and recent attempts to isolate highly deformable cells established an
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association between deformability and breast cancer stem cell phenotypes (16). Few
attempts have been made to isolate cells based on motile behavior in vitro or in vivo
(17-19). While these studies yielded important findings, critical questions remain
unanswered including whether migration properties are heritable (from one cell
generation to the next), whether cells with an inherent migratory ability (in the absence
of stimulatory agents) can be isolated, how factors such as cell size or ability to deform
under constrictive space are related to enhanced migration, what genes are functionally
important for migratory epithelial cells especially in the earliest stages of

carcinogenesis, and how these properties relate to eventual metastatic potential.

Here, we describe the isolation of highly migratory cells from oncogene-modified
human bronchial epithelial cells (HBECs), a robust model of the pulmonary airway
epithelium and its associated malignant transformation (20,21), and demonstrate that
migratory behavior is heritable across cell generations. These highly migratory cells
show increased deformability, the ability to arrest successfully in the lung using a
murine experimental metastasis model, and to have Rac1-dependent migration.
Isolation of non-transformed epithelial cells with the highest migratory capacity has
allowed for a more complete understanding of their behavioral, physical, and genetic
attributes, which will ultimately lead to a better understanding of how to combat the
molecular drivers of epithelial cell migration therapeutically in order to intervene in a

preventative manner at the earliest stages of lung cancer dissemination.
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Results

SNAIL enhances motility and migration of human bronchial epithelial cells

We and others have shown that expression of SNAIL, a transcription factor
known to drive the epithelial-mesenchymal transition (EMT) program (22), in various
cancer cell lines leads to increased migration and invasion both in vitro and in vivo
(23,24). In order to model EMT in pulmonary premalignancy, we created HBEC lines
that ectopically express SNAIL with or without various mutations found in lung
premalignancy and cancer (P53-loss and KRAS-activating mutations, Table 2.1)
(21,25). Phase contrast imaging shows that SNAIL-expressing HBECs (HBEC-Snail)
have a morphological phenotype indicative of motile and migratory capacities, including

membrane ruffling and lamellipodia formation (Figure 2.1).

To determine if a behavioral function coincides with this morphological
phenotype, HBEC-Snail and vector control cells were subjected to a motility assay. On
average, HBEC-Snail cells move with up to 50% higher velocity compared to vector
control cells and an order of magnitude difference exists between the fastest and
slowest moving cells (Figures 2.2 and 2.3). In addition, we performed a migration
assay utilizing transwell membranes of various pore size in the absence of a
chemoattractant (basal growth media on both sides in order to eliminate chemotactic
responses). At the 5- and 3 ym pore sizes, H3mut-Snail cells showed more than a 10-
and 20-fold increase in migration rate, respectively, compared to vector control cells
(Figure 2.4). Importantly, although migration through 3 pm transwells was 20-fold

greater with SNAIL expression, the absolute number of migratory cells was very low,
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accounting for less than 0.1% of the total number of cells plated. These cells represent

the most migratory cells in the population.

Cells with inherently higher rates of migration can be enriched from a heterogeneous

population and exhibit heritability of this phenotype

To isolate such highly migratory cells, we devised a selection strategy using a
series of microporous membranes (Figure 2.5). Cells were initially seeded on 8 ym-
pore transwell membranes with basal growth medium in top and bottom chambers and
incubated for 48 hours. Because the number of cells in the top chamber exceeds that of
the bottom chamber, the nutrients in the top chamber will be exhausted faster and cells
might be artificially driven to the bottom chamber where nutrients are in higher
concentration. To avoid inadvertent generation of a chemotactic gradient due to nutrient
depletion (26), media in both chambers was replaced after 24 hours. After 48 hours, the
cells in the bottom chamber were isolated by trypsinization and propagated in a new
dish. They were re-plated onto a new membrane, and the process repeated. The pore
size was serially decreased, first to 5-um and then 3-um pores. It is noteworthy that an
insufficient quantity of cells migrated through 5- or 3 pm pores within 48 hours to justify
immediate selection at these sizes, thus negating the possibility of skipping a priori
selection through 8 um pores (Figure 2.4). Cells obtained following selection are

denoted HM (highly migratory).

Cells were then subjected to a migration assay using 8, 5 and 3 um pore
membranes, and differentially stained to simultaneously observe migration rate and

viability. H3mut-Snail-HM and H3mut-Vector-HM both had 5-fold higher migration rates
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through 8 um pores, 20- and 30-fold higher migration rates through 5 ym pores, and 59-
and 124-fold higher migration rates through 3 ym pores, compared to their unselected
counter parts (Figure 2.6). Similar results were seen in the H3 and H4 cell line pairs as
well as A549-Snail/Vector pairs (Figure 2.7). By dual staining for live/dead cell analysis,
we found that without prior selection, migration through 3 pm pores results in a high
incidence of cell death, accounting for approximately 50% viability in the unselected
lines (Figures 2.8 and 2.9). While unique mechanisms are required for migration versus
invasion, we wanted to determine if highly migratory cells were also highly invasive.
H3mut-Snail and H3mut-Vector cells showed no difference in invasion through collagen
following selection. However, invasion rates at baseline in the H3mut cell lines were
already high. H4-Snail-HM and H4-Vector-HM cells showed enhanced invasion in a

collagen matrix compared to parental cells (Figure 2.10).

In order to determine if the migratory phenotype would be sustained through
many generations, the transwell migration assay was carried out after 40 population
doublings (up to 8 weeks) following selection. Over this time the selected cells remain
highly migratory when compared to their unselected counterparts (Figures 2.11 and
2.12), indicating that the selected migration phenotype is heritable and thus, can be

exploited to expand such cells for downstream functional analysis.

Selection isolates cells capable of overcoming a critical juncture in metastatic

inefficiency

Leonard Weiss first described the concept of “metastatic inefficiency”, which has

been observed by others (27,28). Chambers et al have extended these studies by
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describing points in the metastatic cascade that typically result in cell death, which
include intravasation and extravasation (29). These findings and the results from our
post-migration viability studies prompted us to test our selected cells in an in vivo model
that would examine the transition from the intravascular space to the lung parenchyma.
5x10° H3mut-Snail or H3mut-Snail-HM cells were injected into the tail vein of SCID
mice. After 72 hours, total DNA was extracted from lung homogenates. A PCR-based
method described by Malek et al was used to quantify the number of human cells that
arrested in the mouse lung (30). Mice injected with the micropore-selected H3mut-Snail-
HM cells showed greater than 2.5-fold more human DNA in the mouse lungs on
average compared to mice injected with H3mut-Snail cells (Figure 2.13). Taken
together with the in vitro viability studies, this suggests that the selected cells have

overcome this stage of metastatic inefficiency.

Biophysical characterization of highly migratory cells shows no selection bias and cell

spreading mediated by SNAIL

Because we and others have shown that SNAIL leads to enhanced motility and
migration, we sought to determine if highly migratory cells had greater SNAIL
expression than their unselected counterparts but found no differences in protein levels
(Figure 2.14). Another reason for enhanced migration potential of these cells is ability to
spread. Cells with the capacity to alter morphology to the “spread” phenotype might
reflect greater control over their shape and thus more readily pass through constrictive
space. Images of highly migratory cells were taken using phase contrast microscopy.

Using Imaged (31), outlines were made of each cell (Figure 2.15) and the
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corresponding areas were calculated. H3mut-Vector-HM cells were approximately the
same size as unselected cells (Figure 2.16 and Table 2.2). H3mut-Snail-HM cells were
approximately 30% larger in area than their unselected counterparts, indicating a more
“spread” phenotype. Although H4-Snail cells had a decrease in cell area, the
corresponding Feret’s diameter, (defined as the longest stretch between two edges of
the cell), was increased by approximately 35%. Additionally, because dual staining
shows that nuclear damage is possible as a result of migration through small pores
(Figure 2.8), we measured the size of the nucleus by staining nuclear membrane
proteins Lamin B1, which highlight the nuclear boundary, to determine if nuclear size
was a rate-limiting factor for successful migration. H4-Snail-HM cells have decreased
nuclear area and H4-Vector-HM cells have an increase in nuclear area, while H3mut
cells show no significant difference in nuclear size (Figure 2.17). Together, these data
indicate that our selection strategy does not select for smaller cells or nuclei. Increases
in cell spreading suggest that HM cells may have greater control over morphology which

would aid migration through constrictive space.

Determining the association of cell size and deformability in migration

When attached to tissue culture plastic, H3mut cells can span greater than 150
gm in length, and the nuclei alone can be as large as 30 ym in diameter. We
hypothesized that there could be a deformability component to cell migration required in
order to traverse increasingly smaller pore sizes that are a fraction of the cell volume.
To assess cellular deformability, we utilized deformability cytometry (DC). This

technique uses hydrodynamic forces to stretch cells uniformly in a microfluidic chip
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followed by high-speed imaging to discern changes in cell shape and size as a result of
applied stress (32). Deformability (D) is a unitless measure defined as the maximum
ratio of the long to short axis of a cell stretched with a standard stress, such that a cell
with a lower stiffness will have a corresponding higher deformability. As expected,
although there is heterogeneity from cell to cell, H3mut-Snail-HM cells were on average
slightly more deformable than unselected counterparts (D = 1.529+0.009 vs.
1.489+0.003, respectively, with n>1000 cells for each measurement Figure 2.18 and
Table 2.2). However, H3mut-Vector-HM cells were less deformable than H3mut-Vector
cells (1.274+0.003 vs. 1.329+0.011, respectively). The inverse phenotype is observed
with H4 cells, such that H4-Snail-HM is less deformable and H4-Vector-HM is more
deformable than unselected counterparts. A secondary readout of DC is size when the
cells are in suspension just prior to entering the deformation region in the chip. Along
with being more deformable, H3mut-Snail-HM cells had approximately 5% larger
diameter (15% larger volume) than unselected cells, in agreement with the larger
spread area of these cells. Consistent with this, H3mut-Vector-HM cells were less
deformable and 12% smaller than unselected cells (Figure 2.18 and Table 2.2). Again,
we see the inverse relationship with respect to H4-HM cells (H4-Snail-HM is smaller and
H4-Vector-HM is larger). This indicates that the selection strategy does not bias towards
biophysical properties, such as size or deformability, but rather selects based on
migratory behavior more specifically. These results also suggest, at least in the
described system, that high deformability is not the only mechanism by which cells can

traverse confined space.

Determining the role of cell stiffness in migration
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DC measures deformability while cells are in suspension and may be a good
measurement of cytoskeletal components or changes in nuclear stiffness (32).
Conversely, atomic force microscopy (AFM) measures cells while adherent, therefore, it
is an indicator of the stiffness of a motile cell. 24 hours after plating, cells were probed
using an AFM coupled to an optical microscope, which allows for force measurements
to be made directly over the nucleus, which were then converted to stiffness. The
Young’s modulus of the H3mut-Snail cells is 1607+ 40.87 Pascals (Pa), whereas the
H3mut-Snail-HM cells have a Young’'s Modulus of 1250+48.29 Pa, representing a 23%
reduction in stiffness. Consistent with DC, AFM confirms that H3mut-Snail-HM cells are
less stiff than unselected H3mut-Snail cells (Figure 2.19). Measurements on H3mut-

Vector-HM cells show no difference when compared to the unselected counterparts.

Fluorescence microscopy reveals SNAIL-mediated changes to the actin cytoskeleton

and myosin localization in lung epithelial cells with the highest migratory potential

H3mut-Snail-HM cells were more deformable by both DC and AFM, whereas the
H3mut-Vector-HM cells were less deformable by DC and showed no change by AFM.
The AFM predominately measures stiffness of the actin cytoskeleton, as the probe only
penetrates ~500 nm into the cell. We hypothesized there may be SNAIL-dependent
changes to actin in the highly migratory cells. To test this, we grew selected and
unselected cells on cover slips and stained them using fluorescent phalloidin. H3mut-
Snail-HM cells showed more F-actin bundles in the lamellipodia than unselected
counterparts (Figure 2.20). While H4-Snail-HM cells did not show similar F-actin

structures, they show a striking change in morphology (Figure 2.20); conversely,

44



H3mut-Vector-HM and H4-Vector-HM cells showed no apparent difference in F-actin
structures (Figure 2.21). Because of the well-described relationship between F-actin
and myosin, we stained cells for phosphorylated (activated) myosin light chain |l
(PMLC2). H3mut-Snail-HM cells showed pMLC2 that localized to the periphery,
whereas the other lines tested (H3mut-Snail and vector controls) showed perinuclear
localization (Figure 2.22). In measuring the pixel intensity, spikes in pMLC2 staining
overlap with spikes in F-actin staining in the H3mut-Snail HM cells (Figure 2.23). These
results suggest that there are SNAIL-mediated changes to the cytoskeleton in the cells

with the highest migratory potential.

Rac1 activity contributes to the high migratory phenotype and can be pharmacologically

inhibited

Rho-family GTPases are major regulators of the actin cytoskeleton, and their
signaling facilitates processes such as cell polarity and motility (33). We next
determined the activation status of three well-characterized GTPases, RhoA, Rac1 and
Cdc42, to determine if they are altered in the high migration rate phenotype. Whole-cell
lysates were utilized in a pull-down assay with agarose beads conjugated to Rhotekin or
p21-activated kinase binding domain (PAK), which recognizes GTP-bound (activated)
RhoA or Rac1 and Cdc42, respectively. We observed no detectible change in RhoA or
Cdc42 activity, but a 2-fold increase in activated Rac1 (Figure 2.24). To verify
enhanced Rac1 activity drives migration in HM cells, we pharmacologically inhibited
Rac1 in these cells in a migration assay (using concentration of inhibitor that did not

prevent cell growth) (Figure 2.25). Inhibition of Rac1 activation by NSC-23766, an
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inhibitor of a Rac1-specific guanine nucleotide exchange factor (GEF), perturbed cell
migration compared to treatment controls (Figure 2.26). These results suggest that
Rac1 pathway activation is at least partially responsible for the highly migratory
phenotype and that the phenotype can be targeted pharmacologically by attacking

Rac1.

Gene expression analysis reveals subtle changes attributable to the highly migratory

phenotype

To determine if there was any correlation in gene expression between the highly
migratory phenotype and publically-available clinically-relevant databases, we isolated
total RNA from selected and unselected cells and performed microarray mRNA profiling.
Gene expression analysis identified 278 genes whose expression associated with either
SNAI1 expression or migration or both based on pair-wise comparison between two
conditions. The majority of identified genes were deregulated by over-expressing SNA/1
(Figure 2.27, left panel), and very few associated with high mobility as a result of
selection (Figure 2.27, right panel). Interestingly, deregulated mobility-dependent genes
(cluster 1 and cluster 5 in Figure 2.27, right panel) were actually a subgroup of SNA/1-
(or EMT-) associated genes. To be able to move faster than parental cells, highly
migratory cells reverse the expression of a small group of EMT-associated genes, while
the expression of the majority of EMT-associated genes remained unchanged. For
instance, expression epithelial marker CDH1 was unaffected in high mobility cells, but
that of mesenchymal marker CDH2 in highly migratory cells was decreased as

compared to parental SNA/1 cells, even though expression was still higher than the
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basal level in vector cells. Gene set enrichment analysis (GSEA) revealed genes
correlated with the highly migratory phenotype were as enriched in gene sets
associated with poor overall survival in NSCLC, and recurrent disease in clinical breast

cancer and melanoma samples (Figure 2.28) (34-36).

Discussion

We have identified a small subpopulation of cells with a highly motile and
metastatic phenotype, demonstrated using in vitro and in vivo methods, and found this
phenotype is heritable over 40 population doublings. We have also identified a
previously unknown bimodal nature of deformability with respect to enhanced migration
— cells can have high or low deformability and still be highly migratory. The highly
migratory phenotype is related to cell spreading and mediated by Rac1. This system
thus provides an important new preclinical model to understand mechanisms and
develop therapeutics targeting premalignant lung epithelial cells migration and

metastasis.

By isolating highly migratory cells from both SNAIL-overexpressing and control
populations we are able to study SNAIL-dependent and SNAI/L-independent
mechanisms of migration. This allowed us to model the SNA/L-mediated EMT program,
which is known to drive migratory behavior, and is clinically relevant because SNAIL is
present in lung premalignant lesions (37). We found that SNAIL expression in H3mut
cells increases cellular deformability by both Deformability Cytometry and AFM, and that
cells with the highest migratory capacity exhibited the greatest deformability. Our results

are in alignment with other studies showing cells expressing the EMT program are
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highly metastatic, and that migration and metastasis correlate with increased cellular
deformability (5,13,38). However, increased stiffness in H4 Snail-HM cells suggest that
inter-individual variations may exist in which cellular deformability is not always requisite
for the highly motile phenotype. Heterogeneity amongst individuals adds an element of
complexity to be defined in further investigations. For example, Liu et al have recently
described different migration modes existing amongst cells within a single population,
which they ascribe to subtle molecular differences (10). The biophysical property related
to cell spreading appears to be another determinant of migratory potential. In fact, the
H4-Snail-HM cells had a larger Feret’s diameter and the H3mut-Snail-HM cells had a
larger cell area, both of which are indicators of morphological changes in spreading that
might benefit migration through confined space. It is known that the majority of cancer
cells that attempt to pass through the endothelial barrier succumb to shearing (39), and
we have found that the majority of HBEC cells attempting to pass through 3 ym pore
sizes will die without prior selection. We found that Rac1 activity mediates enhanced
migration, that pharmacologic inhibition of Rac1 activation, reduced migration in the
selected highly migratory cells. Rac1 activity has been associated with carcinogenesis,
EMT, and metastasis, and is a candidate therapeutic target (40,41). Genes whose
expression was up-regulated in our highly migratory cells also was correlated with poor
overall survival in NSCLC and increased recurrence in breast cancer and melanoma.
Although not stated outright, it could be that recurrence is related to micrometastatic

disease present at the time of resection, but not detected.

Metastasis is the predominate cause of cancer death in patients (42), and while a

tumor is made up of many cancer cells, only a small percentage of these cells become
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metastatic (19,43,44). The current studies provide a new approach using a defined and
easily manipulated preclinical human model system that has employed a micropore
selection system, followed by detailed interrogation of biophysical properties to identify
a small subpopulation of cells with innate migratory capacity and altered properties that
facilitate metastases. As part of this, mechanisms and therapeutic targets can be

systematically studied.

Materials and Methods

General Cell Culture

Each parental HBEC line was derived from the large airway of an individual patient and
immortalized in the absence of viral oncogenes, as previously described (20). Cell
culture maintenance and creation of HBEC-Snail and vector control lines are described
elsewhere (24). The cells were genotyped (STR profiling) before and after selection at
the UCLA Genotyping and Sequencing Core and tested to be free of mycoplasma

contamination.

Western Blot

Cells grown to 80% confluence in T25 flasks were washed with ice-cold PBS and lysed
with RIPA buffer using standard methods. Twenty ug of each cell lysate was loaded per
lane, and proteins were resolved by SDS-PAGE and transferred to an Immobilon-P
Transfer Membrane (Millipore, Billerica, MA). The membranes were blocked with 5%
milk and then incubated with primary antibodies diluted in blocking solution according to

the manufacturer's recommendations. Horseradish peroxidase-conjugated secondary
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antibodies (Bio-Rad, Hercules, CA) and enhanced chemiluminescence (ECL) reagent
(Amersham Biosciences, Piscataway, NJ) were used for protein detection. Primary
antibodies were from the following sources: TUBULIN and SNAIL (Cell Signaling
Technologies, Danvers, MA); RHOA, RAC1 and CDC42 (Cytoskeleton Inc, Denver,

CO). Densitometry performed in ImagedJ using the “Analyze Gels” function.
Motility Assay

Cells were plated in 12-well plates at 25 cells/mm?. After overnight attachment, cells
were stained with 1 yg/mL Hoechst-33342, washed and incubated 8 hours prior to
imaging in SFM. Three random fields in duplicate wells were imaged on a Nikon Eclipse
Ti inverted microscope fitted with a temperature and CO; controlled stage at 100x total
magnification for 12 hours (Nikon 10x PlanFluor, 0.30 NA). Images were taken with a
Cascade Il EM-CCD (Photometrics, Tucson, AZ) at a 30 ms exposure with maximum
gain, controlled by Nikon Elements AR software. UV exposure was minimized using
neutral density filters. The image sequence was imported into ImageJ, thresholded, and
binary objects were then tracked using Mtrack plugin (45). Data shown represent the
average cell speed across the entire experiment. Experiments were repeated at least

three times.
Transwell migration assay

Cells were seeded into the top chamber of 12-well format Millicell inserts at 75,000
cells/well in 0.5 mL complete medium (Millipore, Billerica, MA) and incubated at 37°C.
Media in both chambers was replaced after 24 hours. After 48 hours, the transwells

were swabbed, fixed in 4% Paraformaldehyde (PFA) and stained with Hoechst. Plating
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density was determined in un-swabbed transwells by staining with Hoechst, washing in
PBS 3x5 minutes, then the entire well was imaged at 40x total magnification on a Nikon
Eclipse Ti inverted microscope (Nikon 4x PlanFluor PhL DL 0.13 NA). Images were
captured on a 1024x1024 pixel Cascade Il EM-CCD camera with equal exposure times
using Nikon Elements AR software. The cell density was determined by fluorescence
intensity using the “histogram” function in ImagedJ. Cell counts described below were
normalized to fluorescence intensity of the respective well. To determine the number of
cells that entered the bottom chamber, cells were stained with NucRed Live647 (stains
all cells) and 1 yg/mL DAPI simultaneously for 20 minutes in complete medium at 37°C
(Life Technologies). After staining cells were washed then fixed with 4% PFA. Within
two hours of staining, at least 25 fields in each well were captured using a 10x objective
(Nikon PlanFluor Ph1 DLL 0.30 NA). Cells were enumerated using the “threshold” and
“analyze particles” functions in Imaged. Viability is reported as total cells minus dead

cells, divided by total cells. Experiments were repeated at least three times.
3D cell invasion assay

Experiments were performed according to previously published protocols (46). Assays
were performed in 96-well plates (Black wells, clear bottom, PerkinElmer). Briefly, ice-
cold serum-free liquid bovine collagen (PureCol) was prepared at 1 mg/ml
concentration. After trypsinization, cells were added to the collagen suspension at a
final concentration of 5x10*cells/ml. 100 pL aliquots were dispensed into the wells and
cells were subsequently spun down, then incubated in a 37°C/5% CO2 tissue-culture

incubator to allow the collagen to solidify. Finally, the collagen plug was covered by 30
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ML of a mixture of appropriate culture medium diluted 1:1 with PBS. After 48 hours, cells
were fixed with 4% PFA (final concentration) and stained with 10 pg/ml Hoechst-33342
(Life Technologies). Images of nuclei staining were obtained on an inverted microscope
operated by Nikon Elements Software, using a 20x air objective. 25 adjacent images
covering ~85% well area were taken from 0 um (bottom of the plate) to 150 um up in the
collagen plug, with a 25 ym step. Quantification of nuclei/well was obtained using the
object count feature of Nikon Elements Software. Invasion ratio was calculated as the
sum of cell counts at 50, 75, 100, 125 and 150 um over cell counts at 0 um. Each of the
3 independent experiments consisted of 5 replicates for each condition. Bar charts are

plotted as mean of the 3 experiments + SEM.

Selection of highly migratory cells

300,000 cells/well were seeded in 6-well format Millicell inserts in 2 mL medium. After
24 hours, media in both chambers were replaced. After 48 hours, the transwell bottoms
alone were harvested (trypsinization at 37°C followed by centrifugation and
resuspension in medium) and cells added to the bottom chamber of the original plate;
the cells were then grown to confluence. Cells were expanded to a T75 flask, and
propagated until 70% confluent, after which they were plated for a subsequent round of
selection. Cells were selected for three rounds through 8 um pores, then three rounds

through 5 um pores, and finally five rounds through 3 um pores.

Deformability Cytometry (DC)

The deformability cytometry (DC) microfluidic devices were fabricated following

standardized polydimethylsiloxane (PDMS) replica molding techniques (47).
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Documented channel design schematics were also followed for the DC chip master
molds (32). Dissociated cell samples were diluted with media to achieve a concentration
between 100,000-200,000 cells/mL. The samples were introduced to the DC chip at 800
ML/min using a Harvard Apparatus syringe pump. A Vision Research Phantom v711
high-speed camera recorded videos with the following parameters: 208x32 pixel
resolution, 500,000 frames per second sample rate, 290 ns exposure time, and 290 ns
EDR. A custom MATLAB script was used for the image analysis of recordings. Metrics
extracted from the videos included cell size, maximum aspect ratio (deformability), and
time spent in the extensional flow region. Additional details on experimental design and
post processing analysis are available in previous reports (32). Experiments were

repeated three times. At least 1000 cells were analyzed per sample.

Atomic Force Microscopy (AFM)

Cells were plated in 60 mm dishes in complete medium and incubated overnight for
complete attachment. One hour prior to analysis, the medium was replaced with
complete medium containing 25 mM HEPES (for pH control when performing AFM) and
equilibrated in a 5% CO; controlled incubator. All measurements were conducted using
a Catalyst AFM (Bruker Instruments, Santa Barbara, California) with a combined
inverted optical/confocal microscope (Zeiss, Corp, Thornwood, New York). This
combination permits lateral positioning of the AFM tip over the cell center with
submicron precision. The AFM tip was always precisely positioned (within micron range)
on top of the nucleus using motorized stage and inverted optical view of the combined

confocal-AFM microscope. Mechanical measurements were collected in contact mode
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using silicon nitride cantilevers with experimentally determined spring constants of 0.02
N/m and a tip radius of 20 nm. Mechanical measurements were obtained at 37°C with
force measurements recorded at a pulling rate of 1 Hz. Force-displacement curves were
recorded for determination of Young's modulus. Conversion of force-displacement
curves to force-indentation curves allows the determination of cell surface elasticity or
“stiffness” (Young's modulus, E) as described elsewhere (48). The primary
measurement outcome was averaged E value. AFM measurements were obtained from

at least 60 cells in three different experiments.

Cell area and Feret’s diameter Determination

Cells were plated in 6-well plates and grown for 48 hours. Three random fields were
imaged at 200x total magnification (Nikon 20x S PlanFluor, ELWD 0.45 NA). Images
were imported into Imaged, where the cell perimeter was outlined using the pencil tool.
The images were converted to binary using the “threshold” function, followed by “fill
holes.” Cell area and Feret’'s diameter was determined using the “analyze particles”

function. At least 45 cells were analyzed per group.

Fluorescence Microscopy

Cells were grown on 12 mm glass cloverslips (Electron Microscopy Sciences, Hatfield,
PA) in complete medium. Cells were fixed and permeabilized using 4% PFA and 0.1%
Triton X-100 using standard methods. Cells were blocked for 30 minutes in 1% BSA.
For nuclear size determination, cells were labeled in blocking buffer with 1:1000 mouse
anti-Lamin B1 (AbCAM, Cambridge, MA) for 30 minutes at room temperature, followed

by 3x5 minute 0.5% Tween-20/PBS washes. Cells were stained for 30 minutes at room

54



temperature in secondary antibody (goat anti-mouse Alexafluor488, Life Technologies),
then washed in 0.5% Tween-20/PBS. For cytoskeleton fluorescence, cells were
incubated overnight at 4°C with anti-phospho-myosin light chain (Cell Signaling,
Danvers MA) at 1:100 in blocking buffer. Cells were washed and incubated with
secondary antibody as described before. Cells were stained with phalloidin-
AlexaFluor647 (Life Technologies) and counterstained with DAPI according to the
manufacturer’s instructions. ProLong Gold (Life Technologies) was used to mount the
coverslips. Cells were imaged at room temperature using a Nikon Eclipse 90i upright
fluorescent microscope and 10x or 20x objective (Nikon 10x PlanFluor DIC L/N1, 0.30
NA; Nikon 20x Plan Apo VC DIC N2, 0.75 NA). Images were captured using a Nikon
Digital Sight DS-Qi1Mc camera at 1024x1024 or 1280x1024 pixel resolution. To
quantify nuclear size, the images were thresholded using ImageJ. The “analyze
particles” function was used to determine the nuclear area. At least 60 cells of each type
were analyzed for nuclear size. Pixel intensity mapping was performed in ImageJ using

the RGB Profiler plugin.
Metastatic inefficiency model in NSG mice and qPCR analysis

Pathogen-free NOD-SCID gamma (NSG) mice were purchased from Jackson Labs and
maintained in the UCLA vivarium. All studies were approved by the institution’s animal
review board. Cells were harvested and washed twice with sterile saline for injection,
and finally suspended at a concentration of 5x10° cells in 50 uL. Mice were restrained
and injected with 50 pL of the cell suspension via tail vein. After 72 hours, mice were

asphyxiated using a CO, chamber. The whole left lung lobe was harvested and
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genomic DNA was isolated using DNeasy Blood & Tissue Kit (Qiagen, Limburg,
Netherlands) with slight modification: The tissue was incubated in 360 yl ATL buffer with
40 pl proteinase K (20 mg/ml) for full digestion at 56°C. Next, 400 ul of AL buffer was
added and homogenized thoroughly by using Kontes Pellet pestle motor (Fisher
scientific) followed by 10 minute incubation at 56°C. Then 400 pl of absolute ethanol
was added and mixed completely. The mixture was transferred into the DNesay spin
column and washed with 700 yl of AW1 and AW2 separately. The column was eluted
with 200 ul AE buffer. gPCR analysis was performed as previously described (30), with

the exception that 100 ng DNA was used.

Activated GTPase pull down

Cells were plated 10 cm dishes and grown until ~80% confluent and in growth phase.
Cell lysates were harvested according to the manufacturer’s protocol and using kit
components (Activation Assay Combo Kit Cytoskeleton Inc, Denver, CO). 700 pg of
lysate was used for each sample in the pull-down assay, as determined by BCA assay.
Activated GTPase was eluted from the beads using 15 uL of 2x loading dye and
proteins were resolved by SDS-PAGE and transferred to PVDF membranes.
Membranes blocked in 0.1% milk and blotted for RhoA, Rac1 or Cdc42 using antibodies
supplied in the kit (1:500 dilution). Densitometry performed in Imaged. Values

normalized to TUBULIN in “total lysate” fraction.

Proliferation and migration assays using inhibitors

Proliferation assay: 1000 cells were seeded in 4 replicate 96-well plates and incubated

overnight. Plates were decanted and various concentrations of NSC-23766 (Cayman
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Chemical, Ann Arbor, MI) were added. ATPlite assay (PerkinElmer, Waltham, MA) was
used to measure ATP levels, which correlates with cell number, at 24 hour intervals.
Migration assay: 10,000 cells per well were seeded in 96-well transwells (Corning Inc,
Corning, NY). After overnight attachment, media in the top and bottom compartments
was decanted and replaced with medium containing inhibitor. After additional 24 hour
incubation, the tops of the transwells were swabbed, and cells were fixed, stained and

imaged as described earlier. Values were normalized to plating density.

RNA isolation and gene expression analysis

HBECs were cultured in 10 cm dishes for 3 days. Lysates were harvested using 700 pL
Qiazole (Qiagen) and RNA extracted according to manufacturer’s protocol. RNA was
purified using miRNeasy kit (Qiagen). Gene expression was investigated by Affymetrix
GeneChip HTA 2.0 Array at the UCLA Clinical Microarray Core. Normalization at gene-
based level was done by Affymetrix Expression Console using RMA approach. Non-
annotated transcripts were then filtered out from the data before further analysis.
Bioconductor limma package was used for gene expression analysis. A gene was
defined as being differentially expressed by two conditions, (1) its fold change was
greater than 1.5 and (2) two-tail t-test p-value was less than 0.1. Cluster 3.0 was used
for clustering analysis. Gene set enrichment analysis (GSEA) was used for identifying

deregulated pathways and biological processes associated with deregulated genes.

Statistical Analysis

Samples were plated and run in triplicate, unless otherwise indicated, and all

experiments were performed at least three times. Statistical analyses were performed
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on all data sets, and results from one representative experiment or image are shown. All
statistical analyses were performed in Prism 6 (GraphPad, La Jolla, CA) unless noted.
All results are reported as mean + SEM, unless indicated. The statistical significance of
these data was determined using an unpaired, parametric t-test with 95% confidence
interval. The statistical significance of the viability data set was determined using the
Mann-Whitney test (two-tailed, 95% confidence interval). Data were reported significant

as follows: * if p < 0.05, ** if p < 0.01, and *** if p < 0.001.
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Figures and Tables

Table 2.1: List of isogenic HBEC lines with corresponding genetic information and

migration rates. For immortalization, all HBEC lines over-express TERT and CDK4.

Cell Line Name

Genetic Status

Migration Rate (average cells/field)

H3-Snail

Snail over-expression

8um pore - 664.9 + 47.89
5um pore - 706.5 + 38.69
3um pore - 67.92 £ 5.000

H3-Snail-HM

Snail over-expression

8um pore - 1821 + 70.61
5um pore - 1449 + 95.66
3um pore - 194.4 + 18.22

H3-Vector

Empty vector for Snail

8um pore - 516.3 + 22.08
5um pore - 227.7 £ 12.57
3um pore - 15.72 £ 1.009

H3-Vector-HM

Empty vector for Snail

8um pore - 1090 + 16.17
5um pore - 921.2 + 15.96
3um pore - 285.9 + 16.73

H3mut-Snail

p53-shRNA
KRASV12 gver-expression
Snail over-expression

8um pore - 142.4 + 12.38
5um pore - 27.31 £+ 3.395
3um pore - 0.2449 + 0.9002

H3mut-Snail-HM

p53-shRNA
KRASV'Z gver-expression
Snail over-expression

8um pore - 811.2 + 8.514
5um pore - 572.2 + 11.90
3um pore - 14.59 + 0.9006

H3mut-Vector

p53-shRNA
KRASV'2 gver-expression
Empty vector for Snail

8um pore - 127.7 + 5.483
5um pore - 9.776 + 1.383
3um pore - 0.0204 + 0.0204

H3mut-Vector-HM

p53-shRNA
KRASV12 gover-expression
Empty vector for Snail

8um pore - 780.3 + 15.06
5um pore - 290.7 + 22.31
3um pore - 2.531 + 0.4257

H4-Snail

Snail over-expression

8um pore - 107.6 + 5.784
5um pore - 12.36 + 1.273
3um pore - 1.800 £ 0.4320

H4-Snail-HM

Snail over-expression

8um pore - 476.3 £ 10.15
5um pore - 361.9 + 6.460
3um pore - 52.56 + 2.629

H4-Vector

Empty vector for Snail

8um pore - 938.3 + 16.04
5um pore - 114.7 + 14.74
3um pore - 13.12 £ 1.174

H4-Vector-HM

Empty vector for Snail

8um pore - 1666 + 18.21
5um pore - 497.7 + 19.81
3um pore - 98.04 + 9.335
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Figure 2.1: Snail expression in HBECs increases the abundance of membrane
structures commonly associated with a migratory phenotype. Phase contrast images of
H4-Snail and H3mut-Snail show lamellipodia and membrane ruffling, which are
highlighted by arrows and arrowheads, respectively. These structures are largely absent

in the vector control cells. 200x total magnification; scale bars are 100 pym.
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Figure 2.2: HBEC-Snail cells have increased average velocity compared to Vector cells
as determined by the motility assay. Cells were plated at 25 cells/mm? and imaged
every 5 minutes for 12 hours. 50-150 cells were analyzed per group. Data
representative of three independent experiments.
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Figure 2.3: Velocity distribution profile shows great heterogeneity in motility. A 10-fold
difference is observed between the fastest and slowest H3mut-Snail cell, denoted by

the dotted lines. Cells were tracked for 12 hours and the average velocity for each cell

was plotted as a distribution profile.
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Figure 2.4: Migratory advantage through transwell membranes conferred by Snail
expression increases with decreasing pore size. Migration assay results of H3mut-Snail
cell movement through 8, 5, or 3 ym pore membranes reported as average cells/field.

100 fields were analyzed.
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Figure 2.5: Selection schematic used to enrich highly migratory cells. Cells are seeded
into 6-well transwells containing basal growth medium in both upper and lower
chambers. After 48 hours, cells that passed through to the bottom well are propagated
until a sufficient quantity is obtained to repeat the process. To increase the selection

pressure, cells are serially selected through 8, 5 then 3 um pore membranes.
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Figure 2.6: H3mut- and H4-Snail/Vector cells selected through increasingly smaller

pores have enhanced migratory capacity. Cells were seeded in 12-well transwells using

8, 5 and 3 pym pore sizes with basal growth medium in both chambers. After migration,

cells were fixed and stained for quantification.
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Figure 2.7: Selection of H3-Snail/Vector and A549-Snail/Vector cells through
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Figure 2.8: Dual live/dead cell stain reveals cell viability is compromised soon after
migration through 3 um pores without prior selection. After migration, cells in the bottom
chamber were stained with NucRed (all cells) and DAPI (dead cells). Fluorescence
imaging took place within 2 hours following staining. This representative image is of

H3mut-Vector cells. 200x total magnification. Scale bar equals 50 ym.
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Figure 2.9: Without prior selection, less than 50% of cells maintain viability after
passing through 3 um pores. The percentage of live cells in the bottom chamber after a
migration assay through 8 or 3 ym pores was calculated as the total cells minus the
dead cells divided by the total cells. At least 25 different fields were analyzed. Error bars

are standard deviation from four independent experiments.
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Figure 2.10: Highly migratory cells have characteristics that allow for enhanced
invasion. Inverted invasion assay showing the invasion ratio (number of cells invaded
divided by number of non-invasive cells). Error bars represent standard error of the
mean.
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Figure 2.11 Highly migratory phenotype remains stable eight weeks post-selection.
Migration assay showing fold-change in the number of cells/field that migrated to the
bottom chamber at week 1 (empty bars) and week 8 (filled bars) after selection.
Migration through 3 pm pores shown for both H4-HM and H3mut-HM Snail/Vector pairs.

At least 25 fields were analyzed. Error bars represent standard error of the mean.
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Figure 2.12: Highly migratory phenotype remains stable at least eight weeks post-

selection at all pore sizes. Migration assay showing fold-change in the number of
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Figure 2.13: Selection results in increased persistence of cells in the mouse lung
following tail vein injection. 5x10° H3mut-Snail or H3mut-Snail-HM cells were injected
intravenously. Lungs were harvested after 72 hours and DNA extracted. Quantitative
PCR was performed using human and mouse specific primers and C; values converted
to (%) human cells using published methods (30). Error bars represent standard

deviation; n=8 mice per group.
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Figure 2.14: Increased Snail expression is not a consequence of selection through
microporous membranes. (a) Western blot for Snail protein shows no significant change
in protein expression. (b) Densitometry of blots shown in (a). Data representative of

three independent western blots.
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Figure 2.15: Photomicrograph of Snail-expressing cells before and after selection
showing the overlaid outlines produced in ImagedJ on top of phase contrast images.
Cells without clear borders, or that were on edges were excluded. 200x total
magnification. Scale bars are 50 ym.
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Figure 2.16: Selection through small pores results in cells having greater ability to
spread or stretch. The area and Feret’s diameter (maximum distance between two
edges) of each cell was determined using ImageJ. Individual cell values were averaged.
Error bars represent standard error of the mean. At least 45 cells were analyzed per

group.
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Figure 2.17: Selection does not bias nuclear size as determined by post-migration size

analysis. Graphical representation of the nuclear area as determined by Lamin B1

immunofluorescence, showing no significant difference between H3mut selected and

unselected cells. H4-Snail-HM and H4-Vector-HM have smaller or larger nuclear area,

respectively. Error bars represent standard error of the mean. At least 60 cells were

analyzed per group.
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Figure 2.18: Deformability Cytometry (DC) reveals opposite deformability phenotypes

coinciding with highly migratory behavior. Error bars represent SEM.
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Table 2.2: Summary of biophysical properties in highly migratory cell lines displayed as

fold-change over unselected (delta, A).

Cell Line ADeformability ADiameter (DC) ASpreading
(DC)
H3-Snail-HM +8.97% +7.09% Area: -22.51%
Feret: -12.26%
H3-Vector-HM -10.5% -10.2% Area: -6.30%
Feret: +0.679%
H3mut-Snail-HM | +2.69% +4.86% Area: +33.24%
Feret: +4.86%
H3mut-Vector- -4.14% -11.8% Area: +8.26%
HM Feret: +21.1%
H4-Snail-HM -8.24% -13.5% Area: -19.88%

Feret: +34.51%

H4-Vector-HM +1.74% +5.44% Area: -0.374%
Feret: +7.09%
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Figure 2.19: Atomic force microscopy measures stiffness in motile cells. Selected and
unselected cells were plated in 60 mm dishes and analyzed with an atomic force
microscope. Force measurements were taken above the nucleus at approximately 500
nm depth, and the force-displacement curves generated were converted to Young’s
moduli (E) as a measure of cell stiffness. AFM measurements were obtained from at

least 60 cells.
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Figure 2.20a: Actin filament structures are abundant in highly migratory cells that
express Snail. Fluorescence micrographs showing F-actin (green) and nucleus (blue).
H3mut-Snail cells show small lamellipodia compared to H3mut-Snail-HM (Figure 2.22b).

200x total magnification. Scale bar is 50 microns.
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Figure 2.20b: Actin filament structures are abundant in highly migratory cells that
express Snail. Fluorescence micrographs showing F-actin (green) and nucleus (blue).
H3mut-Snail-HM cells have ventral actin-arcs located in the lamellipodia, which are
absent in the unselected cells. 200x total magnification. Scale bar is 50 microns.
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Figure 2.20c: Actin reorganization is apparent in highly migratory cells that express
Snail. Fluorescence micrographs showing F-actin (green) and nucleus (blue). 200x total

magnification. Scale bar is 50 pm.
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Figure 2.20d: Actin reorganization is apparent in highly migratory cells that express
Snail. Fluorescence micrographs showing F-actin (green) and nucleus (blue). H4-Snail-

HM cells show long protrusions. 200x total magnification. Scale bar is 50 ym.
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Figure 2.21a: Highly migratory vector control cells do not exhibit similar changes to the
actin cytoskeleton as seen in HBEC-Snail cells. The actin cytoskeleton (green) and
nucleus (DAPI, blue) shown for H3mut-Vector cells. Scale bar is 50 microns. 200x total

magnification.

H3mut-Vector

84



Figure 2.21b: Highly migratory vector control cells do not exhibit similar changes to the
actin cytoskeleton as seen in HBEC-Snail cells. The actin cytoskeleton (green) and
nucleus (DAPI, blue) shown for H3mut-Vector-HM. Scale bar is 50 um. 200x total

magnification.
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Figure 2.21c: Highly migratory vector control cells do not exhibit similar changes to the
actin cytoskeleton as seen in HBEC-Snail cells. The actin cytoskeleton (green) and
nucleus (DAPI, blue) shown for H4-Vector cells. Scale bar is 50 microns. 200x total

magnification.
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Figure 2.21d: Highly migratory vector control cells do not exhibit similar changes to the
actin cytoskeleton as seen in HBEC-Snail cells. The actin cytoskeleton (green) and
nucleus (DAPI, blue) shown for H4-Vector-HM cells. Scale bar is 50 microns. 200x total

magnification.
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Figure 2.22a: Activated myosin localizes to F-actin filaments in highly migratory cells
that express Snail. Immunofluorescence of phospho-myosin light chain Il (pMLC2) in
H3mut-Snail cells shows a perinuclear localization. H3mut-Snail-HM cells show pMLC2
distributed to the cell periphery, localizing with the F-actin arcs. Cells counterstained

with DAPI. 200x total magnification. Scale bar is 20 microns.
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Figure 2.22b: Activated myosin localizes to F-actin filaments in highly migratory cells
that express Snail. Immunofluorescence of phospho-myosin light chain Il (pMLC2) in
H3mut-Snail cells shows a perinuclear localization. H3mut-Snail-HM cells show pMLC2
distributed to the cell periphery, localizing with the F-actin arcs. Cells counterstained

with DAPI. 200x total magnification. Scale bar is 20 microns.
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Figure 2.23a: Activated myosin localizes to actin flaments in the periphery of highly
migratory cells that express Snail. Pixel intensity mapping of H3mut-Snail cells shows
three distinct peaks for myosin (green), actin (red), and DAPI (blue). The line through
the cells in the photomicrograph is represented on the X-axis as “distance” from left to
right, and the Y-axis represents the corresponding pixel intensity value (unitless). Color

arrows approximate peak maximums. 200x total magnification.
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Figure 2.23b: Activated myosin localizes to actin filaments in the periphery of highly
migratory cells that express Snail. Pixel intensity mapping of H3mut-Snail-HM cells
shows overlap between actin (red) and myosin (green) peaks that are separate from the
nuclear peak (blue). The line through the cells in the photomicrograph is represented on
the X-axis as “distance” from left to right, and the Y-axis represents the corresponding
pixel intensity value (unitless). Color arrows approximate peak maximums. 200x total

magnification.

REERT #

200
8
m
= 100
0 200 400 600 800 1000 1200

Distance

91



Figure 2.24: Highly migratory cells that over-express Snail have increased active Rac1.
Pull-down assay for GTP-bound RhoA, Rac1 and Cdc42 show no change in GTP-
bound RhoA or Cdc42, but ~2-fold increase in Rac1-GTP levels in H3mut-Snail-HM
cells.
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Figure 2.25: The Rac1 inhibitor NSC-23766 has concentration-dependent effects on
cell proliferation. The effects on cell migration would likely be perturbed if proliferation
was altered, and as such concentrations of inhibitor in migration assays were selected

based on maximum inhibitor concentration with no effect on growth (10 uM).
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Figure 2.26: High migratory rate facilitated in part through Rac1 activity. Treatment with
NSC-23766, an inhibitor of Rac1 activation, perturbs migration through 5 micron pores

in highly migratory cells.
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Figure 2.27: Heat maps of gene expression in SNA/1 over-expressing HBECs. In the
left panel, gene expression was normalized based on corresponding vector cell lines,
and represents gene expression most influenced by SNA/1 expression. The right panel
represents ratios between highly migratory (HM) and corresponding parental SNA/1
over-expressing HBECs, and represents gene expression most associated with high

mobility.
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Figure 2.28: Gene set enrichment analysis reveals correlation between genes

associated with high migration rates and poor survival in non-small cell lung cancer and

breast cancer or melanoma recurrence. Enrichment plot of two gene sets significantly
(FDR g-value < 0.01) associated with high mobility SNA/1 HBECs as compared to non-

selected parental cell lines.

Shedden_Lung_Cancer_Poor_Survival_A6

Enrichment score (ES)

0.50 HM {pos.cor)
0.25
0.00
-0.25
-0.50

Ranked list metric (Signal 2 Moise)

0 2500 5000 7500

Sortiriou_Breast_Cancer_Grade_1vs_3_Up
06

0.5
0.4
0.3
02 f
|
0.1-';
004 .

BRA LY 1

p.50 HM(pos.cor) Parental (neg. cor)

0.25

0.00

-0.25

-0.50

0 2500 5000 7300 10000 12500 15000 17500 20000
Rankin Ordered Dataset

Enrichment score (ES)

Zaro erovs 11803

Ranked list metric (Signal 2 Moise)

0.00 !

Parental (neg. cor)

Zav eeand @ 10081

10000 12500 15000 17500 20000

Rankin Ordered Dataset

Kauffmann_Melanoma_Relapse_Up
0.6

05
0.4
03
0z |
01l
0.0

Enrichmert score (ES)

'
»

JULEL I

0.50 HM (pos. c:u:ur"]
025
0.00
-0.25
-0.50

i

Parental (neg. cor)

Zaro crodd @ 1103

Ranked list metric (Signal 2 Moisa)

0 2500 5000 7500 10000 412500 15000 17500 20000
Rankin Ordered Dataset

96



References

1. Sugimura H, Nichols FC, Yang P, Allen MS, Cassivi SD, Deschamps C, Williams
BA, Pairolero PC. Survival after recurrent nonsmall-cell lung cancer after
complete pulmonary resection. Ann Thorac Surg 2007;83(2):409-17; discussioin
17-8.

2. Tanaka F, Yoneda K, Kondo N, Hashimoto M, Takuwa T, Matsumoto S,
Okumura Y, Rahman S, Tsubota N, et al. Circulating tumor cell as a diagnostic
marker in primary lung cancer. Clin Cancer Res 2009;15(22):6980-6.

3. Okumura Y, Tanaka F, Yoneda K, Hashimoto M, Takuwa T, Kondo N, Hasegawa
S. Circulating tumor cells in pulmonary venous blood of primary lung cancer
patients. Ann Thorac Surg 2009;87(6):1669-75.

4, Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M, Reinhard
F, Zhang CC, et al. The epithelial-mesenchymal transition generates cells with
properties of stem cells. Cell 2008;133(4):704-15.

5. Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, Reichert M,
Beatty GL, Rustgi AK, et al. EMT and dissemination precede pancreatic tumor
formation. Cell 2012;148(1-2):349-61.

6. Sanchez-Garcia |. The crossroads of oncogenesis and metastasis. N Engl J Med
2009;360(3):297-9.

7. Husemann Y, Geigl JB, Schubert F, Musiani P, Meyer M, Burghart E, Forni G,
Eils R, Fehm T, et al. Systemic spread is an early step in breast cancer. Cancer
Cell 2008;13(1):58-68.

8. Podsypanina K, Du YC, Jechlinger M, Beverly LJ, Hambardzumyan D, Varmus
H. Seeding and propagation of untransformed mouse mammary cells in the lung.
Science 2008;321(5897):1841-4.

9. Rausenberger J, Kollmann M. Quantifying origins of cell-to-cell variations in gene
expression. Biophys J 2008;95(10):4523-8.

97



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Liu YJ, Le Berre M, Lautenschlaeger F, Maiuri P, Callan-Jones A, Heuze M,
Takaki T, Voituriez R, Piel M. Confinement and low adhesion induce fast

amoeboid migration of slow mesenchymal cells. Cell 2015;160(4):659-72.

Ruprecht V, Wieser S, Callan-Jones A, Smutny M, Morita H, Sako K, Barone V,
Ritsch-Marte M, Sixt M, et al. Cortical contractility triggers a stochastic switch to
fast amoeboid cell motility. Cell 2015;160(4):673-85.

Welch MD. Cell migration, freshly squeezed. Cell 2015;160(4):581-2.

Cross SE, Jin YS, Tondre J, Wong R, Rao J, Gimzewski JK. AFM-based analysis
of human metastatic cancer cells. Nanotechnology 2008;19(38):384003.

Xu W, Mezencev R, Kim B, Wang L, McDonald J, Sulchek T. Cell stiffness is a
biomarker of the metastatic potential of ovarian cancer cells. PLoS One
2012;7(10):e46609.

Cross SE, Jin YS, Rao J, Gimzewski JK. Nanomechanical analysis of cells from

cancer patients. Nature nanotechnology 2007;2(12):780-3.

Zhang W, Kai K, Choi DS, Iwamoto T, Nguyen YH, Wong H, Landis MD, Ueno
NT, Chang J, et al. Microfluidics separation reveals the stem-cell-like
deformability of tumor-initiating cells. Proc Natl Acad SciU S A
2012;109(46):18707-12.

Windler-Hart SL, Chen KY, Chenn A. A cell behavior screen: identification,
sorting, and enrichment of cells based on motility. BMC Cell Biol 2005;6(1):14.

Seo M, Lee WH, Suk K. Identification of novel cell migration-promoting genes by
a functional genetic screen. FASEB J 2010;24(2):464-78.

Patsialou A, Wang Y, Lin J, Whitney K, Goswami S, Kenny PA, Condeelis JS.
Selective gene-expression profiling of migratory tumor cells in vivo predicts

clinical outcome in breast cancer patients. Breast cancer research : BCR
2012;14(5):R139.

98



20.

21.

22.

23.

24.

25.

26.

27.

28.

Ramirez RD, Sheridan S, Girard L, Sato M, Kim Y, Pollack J, Peyton M, Zou Y,
Kurie JM, et al. Immortalization of human bronchial epithelial cells in the absence
of viral oncoproteins. Cancer Res 2004;64(24):9027-34.

Sato M, Larsen JE, Lee W, Sun H, Shames DS, Dalvi MP, Ramirez RD, Tang H,
DiMaio JM, et al. Human lung epithelial cells progressed to malignancy through

specific oncogenic manipulations. Mol Cancer Res 2013;11(6):638-50.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin
Invest 2009;119(6):1420-8.

Yanagawa J, Walser TC, Zhu LX, Hong L, Fishbein MC, Mah V, Chia D,
Goodglick L, Elashoff DA, et al. Snail promotes CXCR2 ligand-dependent tumor
progression in non-small cell lung carcinoma. Clin Cancer Res
2009;15(22):6820-9.

Grant JL, Fishbein MC, Hong LS, Krysan K, Minna JD, Shay JW, Walser TC,
Dubinett SM. A novel molecular pathway for Snail-dependent, SPARC-mediated
invasion in non-small cell lung cancer pathogenesis. Cancer prevention research
2013.

Sato M, Vaughan MB, Girard L, Peyton M, Lee W, Shames DS, Ramirez RD,
Sunaga N, Gazdar AF, et al. Multiple oncogenic changes (K-RAS(V12), p53
knockdown, mutant EGFRs, p16 bypass, telomerase) are not sufficient to confer
a full malignant phenotype on human bronchial epithelial cells. Cancer Res
2006;66(4):2116-28.

Scherber C, Aranyosi AJ, Kulemann B, Thayer SP, Toner M, lliopoulos O, Irimia
D. Epithelial cell guidance by self-generated EGF gradients. Integrative biology :
quantitative biosciences from nano to macro 2012;4(3):259-69.

Weiss L. Cancer cell traffic from the lungs to the liver: an example of metastatic
inefficiency. Int J Cancer 1980;25(3):385-92.

Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N, Morris VL, Chambers AF,
Groom AC. Multistep nature of metastatic inefficiency: dormancy of solitary cells

99



29.

30.

31.

32.

33.

34.

35.

36.

after successful extravasation and limited survival of early micrometastases. The
American journal of pathology 1998;153(3):865-73.

Chambers AF, Naumov GN, Vantyghem SA, Tuck AB. Molecular biology of
breast cancer metastasis. Clinical implications of experimental studies on

metastatic inefficiency. Breast cancer research : BCR 2000;2(6):400-7.

Malek A, Catapano CV, Czubayko F, Aigner A. A sensitive polymerase chain
reaction-based method for detection and quantification of metastasis in human
xenograft mouse models. Clin Exp Metastasis 2010;27(4):261-71.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of
image analysis. Nat Methods 2012;9(7):671-5.

Gossett DR, Tse HT, Lee SA, Ying Y, Lindgren AG, Yang OO, Rao J, Clark AT,
Di Carlo D. Hydrodynamic stretching of single cells for large population
mechanical phenotyping. Proc Natl Acad Sci U S A 2012;109(20):7630-5.

Sit ST, Manser E. Rho GTPases and their role in organizing the actin
cytoskeleton. J Cell Sci 2011;124(Pt 5):679-83.

Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, Nordgren H, Farmer P,
Praz V, et al. Gene expression profiling in breast cancer: understanding the
molecular basis of histologic grade to improve prognosis. J Natl Cancer Inst
2006;98(4):262-72.

Kauffmann A, Rosselli F, Lazar V, Winnepenninckx V, Mansuet-Lupo A, Dessen
P, van den Oord JJ, Spatz A, Sarasin A. High expression of DNA repair
pathways is associated with metastasis in melanoma patients. Oncogene
2008;27(5):565-73.

Director's Challenge Consortium for the Molecular Classification of Lung A,
Shedden K, Taylor JM, Enkemann SA, Tsao MS, Yeatman TJ, Gerald WL,
Eschrich S, Jurisica I, et al. Gene expression-based survival prediction in lung
adenocarcinoma: a multi-site, blinded validation study. Nat Med 2008;14(8):822-
7.

100



37.

38.

39.

40.

41.

42.

43.

44,

45.

Walser T, Yanagawa J, Luo J, Liu M, Goodglick L, Hong L-S, Fishbein M, Shay
J, Minna J, et al. Abstract PR-11: Snail-induced and EMT-mediated early lung
cancer development: Promotion of invasion and expansion of stem cell

populations. Cancer prevention research 2008;1(7 Supplement):PR-11.

Tse HT, Gossett DR, Moon YS, Masaeli M, Sohsman M, Ying Y, Mislick K,
Adams RP, Rao J, et al. Quantitative diagnosis of malignant pleural effusions by

single-cell mechanophenotyping. Sci Transl Med 2013;5(212):212ra163.

Wirtz D, Konstantopoulos K, Searson PC. The physics of cancer: the role of
physical interactions and mechanical forces in metastasis. Nat Rev Cancer
2011;11(7):512-22.

Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, Leake D,
Godden EL, Albertson DG, et al. Rac1b and reactive oxygen species mediate
MMP-3-induced EMT and genomic instability. Nature 2005;436(7047):123-7.

Dirat B, Ader |, Golzio M, Massa F, Mettouchi A, Laurent K, Larbret F, Malavaud
B, Cormont M, et al. Inhibition of the GTPase Rac1 Mediates the Antimigratory
Effects of Metformin in Prostate Cancer Cells. Molecular cancer therapeutics
2014.

Reymond N, d'Agua BB, Ridley AJ. Crossing the endothelial barrier during
metastasis. Nat Rev Cancer 2013;13(12):858-70.

Yokota J. Tumor progression and metastasis. Carcinogenesis 2000;21(3):497-
503.

Sidani M, Wyckoff J, Xue C, Segall JE, Condeelis J. Probing the
microenvironment of mammary tumors using multiphoton microscopy. Journal of

mammary gland biology and neoplasia 2006;11(2):151-63.

Meijering E, Dzyubachyk O, Smal |. Methods for cell and particle tracking.
Methods in enzymology 2012;504:183-200.

101



46.

47.

48.

Arsic N, Bendris N, Peter M, Begon-Pescia C, Rebouissou C, Gadea G,
Bouquier N, Bibeau F, Lemmers B, et al. A novel function for Cyclin A2: control of
cell invasion via RhoA signaling. J Cell Biol 2012;196(1):147-62.

Sollier E, Murray C, Maoddi P, Di Carlo D. Rapid prototyping polymers for
microfluidic devices and high pressure injections. Lab on a chip
2011;11(22):3752-65.

Sharma S, Santiskulvong C, Bentolila LA, Rao J, Dorigo O, Gimzewski JK.
Correlative nanomechanical profiling with super-resolution F-actin imaging
reveals novel insights into mechanisms of cisplatin resistance in ovarian cancer

cells. Nanomedicine : nanotechnology, biology, and medicine 2012;8(5):757-66.

102
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Introduction

A prerequisite to study the object of rare biological phenomena (for example, a
circulating tumor cell in the context of cancer metastasis) can be the study of that object
in isolation, which is required in order to eliminate confounding contributions from
unwanted players within that system. The selection of highly migratory cells from an
otherwise non-migratory population allows us to focus on this behavior in isolation at the
phenotypic and molecular levels, and to be confident that what we are analyzing is an
enriched trait. Herein, we describe various cell-biological traits associated with the
highly migratory phenotype in human bronchial epithelial cells, as well as the results of
genetic and molecular screens in these cells. Connections to other’s findings described
in the literature are made based on multiple independent observations that provide
worthwhile paths for further research. The work described in this final chapter opens the
study of enhanced epithelial cell motility and metastatic behavior to a variety of

directions that may prove fruitful.

Results

Heterogeneity in motility observed amongst premalignant lung epithelial cells

Much of the work described in this dissertation was originated from a variety of
observations in cell motility. First, we observed that the motile response to external
stimuli (TGFp treatment) in NSCLC cells was different at the single-cell level. Individual
H358 adenocarcinoma cells within the population either remained stationary or
commenced movement (Figure 3.1, Video 3.1). Second, when comparing motility in a

scratch assay using NSCLC and HBEC lines, we noticed: a) gap closure occurred in the
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HBECs in a third of the time and b) NSCLC cells move with collective cell motility (a
cohesive sheet of cells moving as one) whereas HBECs move independently from one
another (Figure 3.2, Video 3.2). Importantly, within the HBEC population, there seemed
to be vast heterogeneity in motility: cells that were multiple “rows” back had the desire to
move to the leading edge, while others were content to remain stationary or move back
into the jammed cell space (Figure 3.3, Video 3.3). Third, we found that mutations
typically found in premalignant lesions resulted in enhanced 2-dimensional motility
(Figure 3.4). While our observation of the highly motile and invasive capacity of
epithelial cells relative to tumor cells may appear counterintuitive, these findings are
actually consistent with those in the recent literature that document the profoundly
motile capacity of epithelial cells (1-3). Overall, there appeared to be a heterogeneous
capacity for movement in our model of early stage disease that was not apparent in
NSCLC cell lines, which caused us to focus on migration and metastasis in our

premalignant HBEC model.

Identification of highly migratory cells in the parental HBEC population based on

morphology

A question we had asked was whether or not the highly migratory phenotype was
one that existed in the general population, or what that had arisen de novo as a result of
migration through constrictive space. One could imagine irreversible DNA damage to
migrating cells that could lead to advantageous migration if a susceptible gene was
perturbed. Because of the unique morphology described in H4-Snail-HM cells in chapter

two, we decided to look for these cells in the unselected “parental” population.
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Unselected H4-Snail cells were seeded in 6-well plates and incubated for 48 hours.
Cells were fixed and stained with Hoechst, and multiple fields were scanned using an
automated microscope. We then manually searched each field for a cell with the “highly
migratory” morphology, which is a cell containing multiple protrusions. Hoechst staining
allowed us to quantify all cells analyzed in order to quantify the abundance of the highly
migratory subpopulation. Of 25 adjacent fields containing nearly 900 cells, only one cell
representing the highly migratory phenotype was identified (Figure 3.5). This suggests
that the highly migratory phenotype existed prior to selection at relatively low
abundance (approximately 0.1% of the parental population), and that selection did not
cause enhanced migration. Additional experiments that would support this claim would
be the identification of molecular markers that identify the highly migratory phenotype in
order to provide an alternative method for isolation (immunomagnetic isolation or

fluorescence activated cell sorting based on a surface antigen, for example).

Down-regulation of cell adhesion molecules in highly migratory cells is Snail-related

Because EMT is known to drive migration in epithelial cells (4), we wanted to
determine if up-regulation of mesenchymal markers could be the cause for enhanced
migration. Microarray data and western blot for various EMT markers showed no
apparent change in transcript or protein levels in H3mut-Snail-HM/H3mut-Vector-HM
cells. However, N-cadherin levels (CDHZ2) were substantially decreased in all the highly
migratory Snail cell lines (Figure 3.6 and Figure 3.7). N-cadherin is a calcium-
dependent homotypic cell adhesion molecule. The extracellular domain interacts with N-

cadherin on other cell membranes, and the intracellular domain is coupled to the actin
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cytoskeleton via catenin linkers. To test the influence of N-cadherin on motility, we
measured the velocity cells at low density (25 cells/mm?) and high density (confluent
monolayer scratch assay). Theoretically, cells should move slower when more N-
cadherin-mediated cell-to-cell contacts are established (high density), and faster in the
absence of N-cadherin-mediated contacts. In this instance, H3mut-Snail-HM cells
moved at the same velocity as unselected lines when plated at low density, where N-
cadherin adhesions are minimized. However, at high density the H3mut-Snail-HM cells
moved with 27% greater velocity (Figure 3.8, Video 3.4). This suggests, at least in 2-
dimensional motility, that the highly motile phenotype is related to the absence of N-
cadherin. Additional studies to verify this phenomenon, such as calcium depletion or

genetic reversal of CDHZ2, are required.

Focal adhesion-associated proteins are involved in cell adhesion to the
extracellular environment. They can nucleate around the intracellular domain of
integrins and allow for the association with the actin cytoskeleton. Focal adhesions can
be composed of hundreds of different proteins and cell migration requires their
regulated, dynamic assembly/disassembly cycle to be spatially and temporally coupled
to lamellipodium formation (5). Nascent adhesions (<0.25 ym diameter) form as the cell
body protrudes forward, and as migration continues some disassemble and others
mature into focal complexes (~0.5 um diameter) and further to focal adhesions (1-5 ym
diameter). This increase in size corresponds to increased tensional strength. These
adhesions are transient, lasting between 1 and 5 minutes). At this point, focal adhesions
can disassemble or further mature into fibrillar adhesions (> 5 um diameter), which no

longer promote cell migration (6). Because of their critical relationship with motility, we
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decided to look at focal adhesions in highly migratory cells. We chose to look at
phospho-paxillin (pPXN) as it is present in focal complexes and adhesions, as well as
fibrillar adhesions. We found a Snail-dependent reduction in both the number and size
of adhesions containing pPXN (Figure 3.9). The reduction in size of the focal adhesions

in highly migratory cells suggests rapid turnover, which is typical of cells on the move.

Nuclear lamina composition and the highly migratory phenotype

Our studies involving N-cadherin and pPXN have been in 2-dimensional non-
constrictive space, and while they provide important information about the functionality
of these molecules in the context of cell-cell interaction and motility, 2-dimensional
space is rarely (if ever) encountered by a cell in situ. Others have shown that nuclear
lamin composition dictates migration through constrictive space in 3-dimensions, which
may have implications in metastatic ability and cell survival (7-9). We examined nuclear
lamin composition by western blotting for four main lamin isoforms: lamin A, B1, B2, and
C. Our results show that lamin A levels are increased and lamin B1 levels are
decreased in highly migratory cells, while lamin B2 and C are unchanged (Figure 3.10).
These results are consistent with literature reports that the lamin A:B ratio is increased

in cells with greater rates of migration.

RNA analysis, Luminex assay, and cytoskeleton phosphoprotein arrays identify unique

genetic and molecular attributes in highly migratory cells

We have isolated a previously unidentified subpopulation of highly migratory
cells, of which very little is known about the global genetic and molecular make-up.

mRNA microarray data presented in chapter two show the majority of deregulated
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genes in highly migratory cells are in fact down-regulated. There are multiple
mechanisms by which genes can be down-regulated, including transcriptional
repressors, DNA and histone methylation, and micro-RNA (miRNA). Because so many
genes were down-regulated, and because we had mRNA data for comparison, we
decided to look at miRNA. Total RNA was isolated from unselected and highly migratory
cell lines and library preparation was performed by performing size fractionation
followed by adapter ligation. We found the majority of deregulated miRNAs were also
down-regulated (Figure 3.11), suggesting that cause of mMRNA down-regulation might
be occurring by different mechanisms (for example, histone or DNA methylation). To
add to this, principle component analysis of transcript data shows that Snail expression
is a predominant factor related to changes in the gene expression profile amongst the
cell lines tested, and the difference in gene expression between high and low migratory
cells is quite small (Figure 3.12). These results suggest that cells may only require
slight changes at the RNA level for enhanced migration. This idea is echoed in recent
opinions that different migration modes can arise in very similar cell types, probably

based on subtle molecular differences (10,11).

Secreted factors, such as cytokines and chemokines, are well described drivers
of motility and migration. One driver of the motile phenotype could be differentially
secreted cytokines. In order to determine differences in cytokine/chemokine secretion in
high versus low migratory cells we collected supernatants and cell lysates from highly
migratory and parental cell lines and ran these on a multi-plex Luminex bead array. This
technology works by using antibodies to a cytokine conjugated to a bead containing

quantum dots of a particular color. Different antibody-quantum dot combinations allows
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you to screen a variety of targets simultaneously using a single color for excitation
(quantum dots absorb at the same wavelength, but emit light at different wavelengths
depending on their size/structure). Bead mixtures are incubated with lysate, washed,
and incubated with a biotinylated antibody to the same target. Streptavidin-PE (SAPE)
is then added such that both beads and protein concentration (SAPE intensity) can be
simultaneously measured. Results show unique cytokine profiles for each highly
migratory cell with some areas of overlap (Figure 3.13). Reports in literature have
shown that GROa (CXCL1) affects anchorage independent cell growth (AlG) (12), and
GROa secretion is down-regulated in Snail-HM cells. To test this hypothesis, we plated
H3mut-Snail and H3mut-Snail-HM cells in an AlG assay. We found that highly migratory
Snail-cells produced noticeably fewer and smaller colonies (Figure 3.14). This
corroborates descriptions in the literature of a “grow-versus-go” phenotype, where cells
are said to either divide or invade (13,14). To verify this occurs in our system, we took
the AIG assay one step further. Established colonies were stained with Hoechst and we
performed time-lapse fluorescent microscopy. The colonies produced by H3mut-Snail
cells were large and had very little cellular movement. However, while colonies
produced by H3mut-Snail-HM cells were smaller, the cells within the colony moved

rapidly (Figure 3.15, Video 3.5).

While gene expression data can provide important information about the
transcriptional program of the cell, the motility program is largely regulated at the post-
translational level through protein modification, mainly phosphorylation. To determine
the state of a variety of cytoskeleton-related proteins simultaneously, we utilized a

cytoskeleton phospho-protein antibody array, which contains multiple antibodies against
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various proteins and their phosphorylated counterparts (15). While the abundance and
phosphorylation states of the proteins on the array varied amongst the cell lines tested
(Figure 3.16), there were some commonalities. For example, cortactin levels did not
change in the datasets, but phospho-cortactin levels (Y421 and Y466) were increased
in both cell lines (Table 3.1). Recent work from the Condeelis group has shown that
phosphorylation of cortactin is required for invasion, and that expression of a dominant
negative mutant cortactin (lacking tyrosine phosphorylation sites) exhibited severe
defects in migration (16,17). Cortactin is phosphorylated in a Rac1-GTP dependent
manner by PKN2. We have shown increased levels of Rac1-GTP in some highly
migratory cells (Figure 3.17) and that these cells lose migratory capacity upon Rac1
pathway inhibition. Together, these data support a Rac1 pathway activation-mediated

enhanced migration.

Inhibitors to RhoA/Rac1 pathway components show various effects on migration

Rac1-GTP is elevated in highly migratory cells, and we wanted to determine if
inhibition of Rac1 could attenuate migration. We decided to test a variety of inhibitors at
different points in the pathway due to the “high-throughput” nature of a 96-well migration
assay (Table 3.2). Prior to performing the assay, we carried out a proliferation assay to
determine the optimum concentration of inhibitor that would hit the target but would
minimize anti-proliferative or otherwise cytotoxic effects (Figure 3.18). Inhibiting RhoA
activation by Rhosin, which targets a RhoA GEF, showed an increase in migration rate
at low concentrations. Inhibition of the RhoA effector myosin light chain kinase by ML-7

showed little effect on migration. However, inhibition of ROCK, another RhoA effector,
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showed a slight increase in migration at low concentrations (Figure 3.19). Because
RhoA activity is known to perturb Rac1 activity, these results support the conclusion that

high rates of migration are obtained as a result of Rac1-pathway activation.

Discussion and Future Directions

While each of the studies described in this chapter admittedly does not
investigate any one particular mechanism at substantial depth, its purpose was twofold:
first, it was part of the intense characterization of the subpopulation of highly migratory
cells which show unique metastatic properties in an otherwise non-metastatic line, and

second, it provides a launching pad for future exploration.

Our early observation that premalignant cells move faster and with greater
persistence than lung cancer cell lines was truly a fascinating discovery. Up until this
point, the majority of the field believed that cell motility related to metastasis mainly
occurred in large, established tumors. However, this motile capacity is consistent with
the movement characteristics of epithelial cells in embryonic development and wound
closure. In a teleological view, these profound capacities endowed by the genetic
programs of EMT are inherent in embryonic development and wound closure (18),
which are requisite phenotypes whose evolutionary histories apparently far exceed that
of malignancy. While an interesting question to answer would be why HBECs move
faster than NSCLC cell lines, the greatest obstacle in studying this phenomenon is the
fact that we know very little about the genetic landscape of cancer cell lines. Now that
more information is known about the molecular makeup of highly migratory HBECs, we

can apply this newfound knowledge to make meaningful comparisons in the context of
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malignancy. Our lab has access to HBEC and cancer cells from the same patient.
Isolating highly migratory cells from each of these populations may give us a better
understanding of how the motility program progresses by making observations

concerning early and late stage disease in the same patient background.

The idea that cell adhesion molecules, including N-cadherin, are down-regulated
in all highly migratory Snail cells strongly suggests the importance of this molecule in
regulating motility. With the exception that adhesion might prevent a cell from moving at
full capacity because it is anchored down by other cells, at this point we do not fully
understand the implications of N-cadherin loss and enhanced migration. While it is true
that it is difficult do “treat” patients due to loss of function abnormalities, N-cadherin also
acts to regulate Wnt and Akt signaling. N-cadherin sequesters 3-catenin to the cell
membrane, a molecule canonically involved in activation of TCF/LEF transcription
factors. N-cadherin also binds LRP5/6 on the cell surface, and prevents interaction with
the FZD receptor and Wnt ligands (19-21). Many of the players in these pathways are
currently under clinical investigation for inhibiting tumor growth and could perhaps be
investigated pre-clinically in our highly migratory model system to prevent metastasis.
Analyzing B-catenin levels and sub-cellular localization or using a reporter system such
as the TOPflash/FOPflash assay, which indicates TCF/LEF activity, would be important

first steps in determining the mechanism of CDHZ2-mediated enhanced migration.

Another cytoskeleton-related molecule, cortactin, was found to have increased
phosphorylation in our highly migratory cells. Besides having an extensive literature

following (15-17), the cortactin gene is amplified in many cancer types, is up-regulated
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in over 15% of squamous lung cancers, and results in decreased disease free survival
in patients with this disease, according to The Cancer Genome Atlas (TCGA) data
(Figure 3.20) (22). Cortactin is phosphorylated in an activated Rac1-dependent
manner; however, it is unknown whether the constitutively active Rac1 splice variant,
Rac1b (23,24), can also lead to cortactin phosphorylation. Our microarray data show
that ESRP1 (epithelial splicing regulatory protein 1) is decreased in highly migratory
cells, and recently others have shown that decreased ESRP1 results in elevated Rac1b
levels (25). This suggests a Rac1 — ESRP1 — Cortactin regulatory axis may be

important for enhanced migration, although more work needs to be performed.

Nuclear lamins have been shown to play a critical role in cell migration (7,8). Our
studies show that selected highly migratory cells have an increase in the lamin A:B ratio
(Figure 3.10), which others have shown is critical for survival following movement
through constrictive space (9). We have also demonstrated that post-migration viability
is compromised in cells that have not undergone micropore selection. While my data is
suggestive of a lamin-based survival method in highly migratory cells, further
experiments will need to be performed to verify this is valid, including genetically
manipulating the amounts of lamin expression in highly migratory and unselected cells.
More importantly, determining the mechanisms that regulate lamin
expression/maintenance in highly migratory cells might allow for therapeutic
intervention. It is known that lamin phosphorylation occurs prior to nuclear envelope
breakdown during mitosis and protein kinase C (PKC) has been implicated in this
process as a mediator of lamin disassembly and reduction (26-29). In unrelated studies,

PKC signaling in the context of apoptosis resistance has been found to be a
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distinguishing feature of high versus low metastatic cells (30). These four true facts
(highly migratory cells have increased Lamin A:B ratio, lamins are regulated in mitosis
via PKC signaling, PKC signaling is critical in shear-stress related apoptosis resistance
during metastasis, and enhanced metastatic survival as a result of migration selection)
make a compelling case for further exploration. Not much is known about post-
translational modification of lamins and its relationship to enhanced migration and
metastatic efficiency; however, utilizing the highly migratory model system and

investigating PKC pathway activation may provide the missing links.

The study of motility in NSCLC and HBECs detailed in this dissertation yields a
profound observation that few in the field appreciate: non-transformed cells move faster
than cancer cells. This has implications for how we view lung cancer progression in the
earliest stages of disease pathogenesis. Sanchez-Garcia theorized in the New England
Journal of Medicine that cells within pre-malignant lesions have the capacity to
“‘metastasize” prior to and concomitant with tumor formation (31), a process dubbed the
parallel-progression model for lung cancer (Figure 3.21). If these cells indeed have the
capacity to move in a premalignant state in situ, as our work in support of this theory
suggest, then efforts to thwart movement must be a top priority, lest these cells spread

the impending malignancy.
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Materials and Methods
Cytokine Treatment and NSCLC Cell Motility

H358 lung adenocarcinoma cells were cultured according to standard methods. Cells
were harvested, counted, and plated in 24-well plates at 10* cells/well. The next day, we
replaced medium with that containing 15 ng/mL TGF or BSA (control). Cells were
incubated 48 hours prior to imaging. Images were taken at 20 minute intervals for 24
hours on a temperature, humidity, and CO; controlled stage. 9 adjacent fields were
imaged on a Nikon Eclipse Ti inverted microscope at 100x total magnification (Nikon
10x PlanFluor, 0.30 NA). Images were taken with a Cascade Il EM-CCD (Photometrics,
Tucson, AZ) at a 30 ms exposure with maximum gain, controlled by Nikon Elements AR

software.
Selection of Non-migratory cell population

Cells were plated in 6-well transwells as described in chapter 2 (8 um pore only), except
using 100,000 cells per well. Cells were allowed to migrate for 5 days, with media
changes each day. In addition, the bottoms of the transwells were swabbed with a
cotton swab each day to prevent migraotry cells from moving back to the upper
chamber. On the fifth day, cells were washed in PBS, and harvested using trypsin as
described earlier. Cells underwent 5 rounds of selection and are denoted “NM” for non-

migratory.

Scratch Assay
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Cells were plated at high density (70% confluence) in a 12-well plate and incubated in
complete medium until confluent. A scratch was made using a p10 pipette tip in three
locations across the well, followed by three rinses in complete medium to remove
floating cells. Cells were imaged as described above, except using 10 minute intervals
for 8-12 hours. For velocity analysis image series were imported into ImagedJ and the
change in position of each cell was tracked through successive frames using the
Manual Track plugin, which utilizes an XY-mapping system. Using the distance formula,
the lengths each cell traveled between frames could be calculated. Dividing by time

yields velocity, which is expressed in microns per minute.
Phenotypic identification of highly migratory cells in parental background

H4-Snail cells were harvested and plated in 6-well plates at low density (~75 cells/mm?)
and incubated for 24 hours. Prior to imaging, cells were fixed and stained with Hoechst
as described before. 25 adjacent fields were imaged with 10% overlap (stitching) using
a Nikon inverted microscope with electromechanical X,Y,Z-stage and 10x objective,
controlled by Nikon Elements AR software. Both phase contrast and fluorescent
techniques were utilized, as described previously. Stitched images were manually
scanned qualitatively for cells that expressed the highly migratory phenotype (cells with
extensive protrusions). To determine the total cell number, fluorescent images were

converted to binary in ImageJ, and quantified using the “analyze particle” function.
Microarray and miRNA Sequencing

HBECs were cultured in 10 cm dishes for 3 days, or until 70-80% confluent. Lysates

were harvested using 700 pyL Qiazole (Qiagen) and RNA extracted according to
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manufacturer’s protocol. RNA was purified using miRNeasy kit (Qiagen). Total RNA was
provided to the UCLA Clinical Microarray Core, where library preparation and
sequencing was performed on an lllumina system. Gene expression was investigated
by Affymetrix GeneChip HTA 2.0 Array at the UCLA Clinical Microarray Core.
Normalization at gene-based level was done by Affymetrix Expression Console using
RMA approach. Non-annotated transcripts were then filtered out from the data before
further analysis. Bioconductor limma package was used for gene expression analysis. A
gene was defined as being differentially expressed by two conditions, (1) its fold change
was greater than 1.5 and (2) two-tail t-test p-value was less than 0.1. Cluster 3.0 was

used for clustering analysis.

EMT marker and nuclear lamin analysis

Cells grown to 80% confluence in T25 flasks were washed with ice-cold PBS and lysed
with RIPA buffer using standard methods. Twenty ug of each cell lysate was loaded per
lane, and proteins were resolved by SDS-PAGE and transferred to an Immobilon-P
Transfer Membrane (Millipore, Billerica, MA). The membranes were blocked with 5%
milk and then incubated with primary antibodies diluted in blocking solution according to
the manufacturer’'s recommendations. Horseradish peroxidase-conjugated secondary
antibodies (Bio-Rad, Hercules, CA) and enhanced chemiluminescence (ECL) reagent
(Amersham Biosciences, Piscataway, NJ) were used for protein detection. Primary
antibodies were from the following sources: TUBULIN, SNAIL, LAMIN A/C, LAMIN B2

(Cell Signaling Technologies, Danvers, MA); N-CADHERIN (Becton Dickenson,
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Milpitas, CA); LAMIN B1 (AbCam, Cambridge, MA). Densitometry performed in ImageJ

using the “Analyze Gels” function

Paxillin Immunofluorescence

Cells were grown on uncoated 12 mm glass cloverslips (Electron Microscopy Sciences,
Hatfield, PA) in complete medium. Cells were fixed and permeabilized using freshly
diluted 4% PFA (10% stock solution, Electron Microscopy Sciences) and 0.1% Triton X-
100 using standard methods. Cells were blocked for 30 minutes in 1% BSA. Cells were
labeled in blocking buffer with 1:100 rabbit anti-phospho-paxillin (Cell Signaling,
Danvers, MA) overnight at 4°C, followed by 3x5 minute 0.5% Tween-20/PBS washes.
Cells were stained for 30 minutes at room temperature in secondary antibody (goat anti-
rabbit Alexafluor488, Life Technologies), then washed in 0.5% Tween-20/PBS. Cells
were stained with phalloidin-AlexaFluor647 (Life Technologies) and counterstained with
DAPI according to the manufacturer’s instructions. ProLong Gold (Life Technologies)
was used to mount the coverslips. Cells were imaged at room temperature using a
Nikon Eclipse 90i upright fluorescent microscope and 10x or 20x objective (Nikon 10x
PlanFluor DIC L/N1, 0.30 NA; Nikon 20x Plan Apo VC DIC N2, 0.75 NA). Images were
captured using a Nikon Digital Sight DS-Qi1Mc camera at 1024x1024 or 1280x1024
pixel resolution. To quantify focal adhesions, individual cells within each image were
thresholded using Imaged. The “analyze particles” function was used to determine the
number and size distribution of focal adhesions. At least 60 cells of each type were

analyzed for nuclear size.

Luminex Assay
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Cells were plated in 6-well plates and grown for 3 days, or until 75% confluent.
Supernatants were collected and centrifuged for 5 minutes at 1000 x g, then transferred
to a new tube and frozen at -80°C. Cells were rinsed twice in ice-cold PBS and lysates
were collected as previously described and a BCA assay was performed to determine
protein concentration. Luminex assay was performed according to manufacturer’s
specification using human Group | and Il cytokines kit (Bio-rad, Hercules, CA). Data was

normalized to lysate concentration.

Anchorage independent cell growth assay

Cells were harvested and suspended in 500 uyL complete medium and placed in a 37°C
water bath. 500uL 2x DMEM was then mixed the cell suspension, followed by addition
of 500 pL 1.6% 55°C molten agar, and 100 yL was quickly added on top of an existing
0.6% agar bed in a 96-well plate. Once the agar solidified, 100 uL complete medium
was added to each well. Cells were imaged that day (time 0) and monitored for 4 weeks
(medium exchange every 5 days). Wells were imaged using an inverted microscope
with automated X, Y, and Z-stage at 100x total magnification. Z-stacks were acquired at
25 um step intervals for the height of the cell-layer, and focused images were prepared
using the “extended depth of focus” function in Nikon Elements AR software. Colonies
were counted manually. For fluorescent studies, colonies grown in agar were labeled
with 10 pg/mL Hoechst-33324 for 3 hours at 37°C. Three 30 minute washes were
performed using complete medium at 37°C. Cells were imaged at 20x magnification on
the Nikon Ti inverted microscope as described previously for 10 hours at 5 minute

intervals.

120



Cytoskeleton phospho-protein array

Cytoskeleton phospho-protein arrays were purchased from Full Moon Biosystems
(Sunnyvale, CA) and lysates prepared according to protocol. Briefly, lysates were
collected on ice in lysis buffer containing phosphatase inhibitor cocktail (Sigma Aldrich,
St. Lois, MO) and clarified by centrifugation. Buffer exchange into “labeling buffer” was
performed using ion exchange chromatography in a microcentrifuge tube format,
followed by BCA assay to determine concentration. Protein lysate was then biotinylated
and added to the pre-blocked array chip (microscope slide format) and incubated for 2
hours, followed by extensive wash steps. Detection reagent (Cy3-streptavidin solution)
was incubated on the slides for 20 minutes, followed by more washing. Slides were
dried then imaged using GenePix 4100 automated microarray scanner (Molecular
Devices, Sunnyvale, CA) and analysis performed using GenePix software.

Normalization was performed using on-chip B-actin or GAPDH control spots.

Rho-family GTPase activation assay

RhoA, Rac1 and Cdc42 GTPases were quantified using G-LISA kits (Cytoskeleton Inc,
Denver, CO). Lysates were collected in GTPase specific lysate buffer and snap frozen
in liquid nitrogen and subsequently stored at -80°C until needed. Concentration was
determined by BCA assay. Lysates were rapidly thawed in a room-temperature water
bath and equilibrated with lysate buffer so all concentrations were equal. GLISA was

performed according to manufacturer protocol.

Proliferation Assay
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1500 H3mut-Snail cells per well were added to four replicate white-wall/bottom 96-well
plates in 100 pL volume and incubated at 37°C. The next day (time 0) and at 24, 48 and
72 hours, 100 pL of ATPIlite solution was added to each well according to
manufacturer’'s recommendations (Perkin Elmer, Waltham, MA) and luminescence was
read by a plate reader. The ATPlite readout is of ATP levels in the cell, which directly

correlates to cell number.

Migration assay with inhibitors

10,000 cells per well were seeded in 96-well transwells (Corning Inc, Corning, NY).
After overnight attachment, media in the top and bottom compartments was decanted
and replaced with medium containing inhibitor of various concentrations. ML-7 (myosin
light chain kinase inhibitor), Y-27632 (Rho associated kinase/ROCK inhibitor), and
NSC-23766 (Rac1-GEF inhibitor) were all from Caymen Chemical (Ann Arbor, MI).
Rhosin (RhoA-GEF inhibitor) was purchased from EMD Millipore (Billerica, MA). After
additional 24 hour incubation in the presence of inhibitor, the tops of the transwells were
swabbed, and cells were fixed, stained and imaged as described earlier (Hoechst).
Values were normalized to plating density from a separate 96-well plate fixed following

overnight attachment.

Cortactin Analysis using TCGA Data

cBioportal for Cancer Genomics is developed and maintained by the Center for
Molecular Oncology and the Computational Biology Center at Memorial Sloan-Kettering
Cancer Institute (32,33). The cortactin gene (CTTN) was queried in “All Datasets” or the

“Lung Squamous Cell Carcinoma — TCGA Provisional” dataset using default
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parameters. Cross-cancer alteration summary and survival data was exported in vector

format using endogenous cBioportal export functions.

Statistical Analysis

Samples were plated and run in triplicate, unless otherwise indicated, and all
experiments were performed at least three times. Statistical analyses were performed
on all data sets, and results from one representative experiment or image are shown. All
statistical analyses were performed in Prism 6 (GraphPad, La Jolla, CA) unless noted.
All results are reported as mean + SEM, unless indicated. The statistical significance of
these data was determined using an unpaired, parametric t-test with 95% confidence
interval. The statistical significance of the viability data set was determined using the
Mann-Whitney test (two-tailed, 95% confidence interval). Data were reported significant

as follows: * if p < 0.05, ** if p < 0.01, and *** if p < 0.001.
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Figures and Tables

Figure 3.1: Differential response to cytokine treatment in NSCLC cell line. Most H358
adenocarcinoma cells exposed to TGF3 remain stationary. However, in some cells and
induced-motility response occurs. Green line indicates the movement of a cell over the

course of the study. 100x total magnification.
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Figure 3.2: Premalignant cells move faster than fully-malignant NSCLC cells. In a
scratch assay, A549 cells move slowly and as a collective sheet of cells in which cell-
cell contacts are maintained. HBECs, on the other hand, move irrespective of

surrounding cells and at higher speeds. 100x total magnification.

125



Figure 3.3: Heterogeneity in motile behavior is apparent in HBECs. In a typical scratch
assay, cells at the leading edge are the first to enter the scratched area. However,
HBECs multiple “rows” back push their way to the front (magenta mark), whereas a cell

in the front gradually retreats (yellow mark). 8 hours between time points shown.
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Figure 3.4: Oncogenic mutations found in premalignancy and NSCLC increase cell
speed. Expression of p53 shRNA and KRASY'?® enhances HBEC movement on tissue
culture plastic. Shown are cell tracks after 8-hours of movement (top panel) and velocity

distribution (bottom).
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Figure 3.5: Highly migratory cells are a rare subpopulation. Phase contrast images
showing the presence of a morphologically distinct highly migratory cell in unselected
HBEC4-Snail cells. Inset shows a cell with identical morphology to H4-Snail-HM cells.

25 adjacent fields at 200x total magnification.
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Figure 3.6: Heat map from microarray and western blot showing relative abundance of
EMT markers in H3mut-Snail/Vector micropore-selected highly migratory cells. Heat

map reflects the Log, fold-change in transcript levels of highly migratory to unselected

cells.
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Figure 3.7: N-cadherin loss is a common event among micropore-selected highly

migratory cells. N-cadherin (CDH?2) transcript levels are decreased (microarray

heatmap) and protein levels are decreased (western blot) in highly migratory cells that

express Snail. Heat map reflects the Log, fold-change in transcript levels of highly

migratory to unselected cells
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Figure 3.8a: N-cadherin loss is associated with increased cellular speed in high cell
density circumstances. H3mut-Snail-HM cells (CDH2"°") move faster than H3mut-Snail
cells (CDH2"). 100x total magnification. Shown are time 0 (left figures) and 5 hours

post-scratch (right figures).
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Figure 3.8b: N-cadherin loss is associated with increased cellular speed in high cell
density circumstances. H3mut-Snail-HM cells (CDH2°") move faster than H3mut-Snail
cells (CDH2"). Note: both H3mut-Vector/H3mut-Vector-HM cells are CDH2"".

Velocity (um/min)

132



Figure 3.9: The highly migratory phenotype is associated with fewer and smaller
adhesion structures in a Snail-dependent manner. Highly migratory Snail cells have a
reduced number of focal adhesions (FA) per cell and reduced average adhesion size. In
the H4-Snail-HM cells, size is reduced to a level typical of “nascent adhesions” (<1 ym)
which have rapid turnover and are typically present in high-mobility cells). 400x total

magnification.
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Figure 3.10: Increased lamin A:B ratio is linked to the highly migratory behavior.
Western blot and densitometry analysis reveal increased lamin A and decreased lamin

B levels, which is typical of cells capable of migrating confined space.
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Figure 3.11: miRNA expression pattern matches mRNA expression in highly migratory

cells. Previous data show the maijority of deregulated mRNA is down-regulated. A

similar trend is seen with miRNA, suggesting an alternate form of epigenetic regulation

in selected cells. Note: S/V = Snail versus Vector; S-HM/P = Snail-HM versus Snail-

Parental (unselected).
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Figure 3.12: Changes in gene expression are more heavily influenced by Snail
expression rather than high-versus-low migration. Principle component analysis shows
cell lines “organize” based on Snail-versus-vector, and genes related to the highly
migratory phenotype have only subtle effects on this arrangement. (HM = highly

migratory; LM = low migratory/unselected parental population)
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Figure 3.13: Cytokine profile in highly migratory cells. Heat map showing relative

expression of secreted cytokines (green is up- and red is down-regulated).
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Figure 3.14a: Reduction in anchorage-independent cell growth as a result of micropore
selection. H3mut-Snail cells have robust colony formation in soft agar, a trait that is lost
in highly migratory cells. This suggests a “grow or go” phenotype. Representative
images from 10 replicate wells per cell line.

H3mut-S

Day 0

Day 14

138



Figure 3.14b: Reduction in anchorage-independent cell growth as a result of micropore
selection. H3mut-Vector cells have no change in anchorage-independent cell growth

following micropore selection.
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Figure 3.14c: Reduction in anchorage-independent cell growth as a result of micropore
selection. H3mut-Snail cells have robust colony formation in soft agar, a trait that is lost
in highly migratory cells. This suggests a “grow or go” phenotype. No change in AlG
was observed in H3mut-Vector cells following micropore selection. Error bars are SD.
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Figure 3.15: Time-lapse fluorescent imaging reveals individual cells within a colony
formed by micropore-selected cells move quickly. Colonies grown in agar were stained
with Hoechst (DNA) after 21 days and imaged for 10 hours at 5 minute intervals by
time-lapse fluorescent microscopy. Tracking was performed in ImagedJ using the manual

tracking plugin.
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Figure 3.16: Cytoskeleton phospho-protein array. Phospho-protein antibody array
focused on various cytoskeleton proteins show differential expression in Snail-HM cells.
Points on graph represent the fold-change in phospho-proteins of 67 different proteins.
H3mut-Snail-HM cells show an overall decrease whereas H4-Snail-HM show an overall

increase in phosphorylation (blue lines).
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Table 3.1: Table showing fold-change in cytoskeleton protein phosphorylation and

protein function (Uniprot).

Phospho- H4-Snail H3m-Snail Function (Uniprot)
protein Fold Change | Fold Change

MKK3/MAP2K 0.50 0.51 Dual specificity kinase; activated

3 (pThr222) by cytokines and environmental
stress;

CrkL 1.24 1.14 May mediate the transduction of

(pTyr207) intracellular signals;

Crkll 1.27 1.13 Mediates attachment-induced

(pTyr221) MAPKS8 activation, membrane
ruffling, and cell motility in a Rac-
dependent manner;

Merlin 1.29 1.13 Probable regulator of hippo

(pSer518) signaling; may act as a membrane
stabilizing protein;

Filamin A 1.28 1.10 Promotes orthogonal branching of

(pSer2152) actin filaments; links actin to
membrane glycoproteins;

Rho/Rac GEF 1.33 1.12 Activates Rho-family GTPases;

(pSer885) may be involved in epithelial
barrier permeability, cell motility
and polarization, cancer, etc;

ERK1 1.32 1.11 Essential component in the MAP

(pThr202) kinase signal transduction
pathway;

Cortactin Contributes to actin cytoskeleton

(pTyr466) 1.33 1.11 organization and cell shape; Helps

(pTyrd21) 131 114 in lamellipodium formation and

' ' migration.
MEK-2 1.33 1.10 Catalyzes concomitant
(pThr394) phosphorylation of Thr and Tyr

residues on MAP kinases.
Activates ERK1 and ERK2.
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Figure 3.17: Highly migratory cells show heterogeneity in activated GTPase levels.
Heat map showing fold-change in levels of GTP-bound (active) RhoA, Rac1, and Cdc42
in Snail versus vector (top) or Highly Migratory versus Unselected (bottom) cells as
determined by GLISA (ELISA-type assay that uses Rhotekin or p21-activated kinase as
affinity capture reagents for GTP-bound RhoA or Rac1/Cdc42, respectively). Green

denotes increased and red denotes reduced levels of activation.

RhoA Rac1 Cdc42
H3-Snail 1.31 1.39 0.97
H3mut-Snail 0.83 1.56 0.78
H4-Snail 1.03 1.43 1.27

RhoA Rac1 Cdc42
H3 Snail-HM 0.78 0.82 0.72
H3 Vector-HM 0.80 1.10 0.85
H3m Snail-HM 0.99 1.10 1.31
H3m Vector-HM 0.80 1.28 1.02
H4 Snail-HM 1.32 0.91 0.69
H4 Vector-HM 0.98 1.04 0.70
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Table 3.2: Table showing five different inhibitors of various points in the motility

program, along with their target and 1Csg value.

Inhibitor Target ICs
ML-7 Myosin light chain kinase (MLCK) 6 uM
Y-27632 Rho associated kinase (ROCK) 0.8 uM
Rhosin/G04 RhoA guanine nucleotide exchange factor 10 uM
NSC-23766 Rac1 guanine nucleotide exchange factor 50 uM
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Figure 3.18: Determining the optimal concentration of inhibitor using a proliferation
assay. Dose-dependent changes in proliferation rate as a result of incubation with
compounds affecting RhoA (Rhosin), Rac1 (NSC-23766), ROCK (Y-27632), and MLCK
(ML-7).
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Figure 3.19: Inhibitors have differential effects on migration. Quantitative results from
migration assays using inhibitors to enhance or attenuate migration in HM and
unselected cells. Inhibition of Rac1 (NSC-23766) results in decreased migration.
Inhibition of RhoA (Rhosin) or ROCK (Y-27632), negative regulators of the Rac1

pathway, enhance migration at low inhibitor concentrations.
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Figure 3.20a: Cortactin (CTTN) is deregulated in cancer patient samples. Data from

The Cancer Genome Atlas (TCGA) shows CTTN deregulation in several cancers types,

including lung squamous cell carcinoma.
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Figure 3.20b: Cortactin (CTTN) is deregulated in cancer patient samples. Data from

The Cancer Genome Atlas (TCGA) shows the median disease free survival in lung

squamous cell carcinoma is significantly reduced in patients with CTTN altercation.
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Figure 3.21: Parallel progression model for lung cancer as it relates to motility. Genes
are activated very early on in premalignancy that simultaneously facilitate tumorigenesis
and drive enhanced motility. Adapted from Sanchez-Garcia NEJM 2009. Reproduced

with permission from (31) Copyright Massachusetts Medical Society.
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