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Abstract

Cancer invasion and metastasis are major life-threatening events in patients with cancer,
yet the mechanisms by which cancer cells invade neighboring tissues remain poorly understood.
It has been demonstrated that physical features of the dysregulated tumor extracellular matrix
(ECM), such as fiber alignment, influence invasion phenotypes. Cells can polarize and migrate
along aligned architectures, such as collagen fibers, through a process called contact guidance. In
this dissertation, we investigate the mechanisms by which collectively migrating cancer cells
sense and respond to fiber alignment.

This dissertation examines how collectively migrating breast cancer cells sense fibrous
topographies. Chapter 2 details an adaptable collective cell migration assay we developed to
study the effects of synthetic, electrospun fibers on collective migration behaviors. First, we
described how to fabricate electrospun fiber mats using dextran vinyl sulfone (DexVS). Next, we
describe a collective migration assay using cancer cell spheroids and DexVS fiber matrices. To
quantify the migration phenotypes, we outlined the MATLAB code we developed to track cell
migration over time. To demonstrate the capabilities of our system, we analyzed the collective
migration behavior of an invasive breast cancer cell line on fibers oriented parallel to each other
or randomly distributed. We explained how to calculate several migration parameters including
cell speed, distance traveled, and directionality. In addition, we calculated the dispersal of
individual cells from the migrating sheet and compared the migration phenotypes between
individual cells and collectively migrating cells. Lastly, we report how to determine protein

localization and expression after migration on fiber mats.

xi



In chapter 3, we investigated the role of RhoA GTPase, a key regulator of the
cytoskeleton and actomyosin contractility, during collective contact guidance. Our studies
demonstrate that RhoA is crucial in the control of contact guidance in collectively migrating
breast cancer cells by regulating cell-ECM and cell-cell adhesions. Using the methods outlined in
Chapter 2, we found that the loss of RhoA resulted in decreased contact guidance and fractured
cell-cell junctions in collectively migrating cells. We identified ROCK, a well-characterized
RhoA effector, as being partially responsible for these effects. Notably, we determined that
RhoA was dispensable for contact guidance in single cell migration. Additionally, we found that
the loss of RhoA resulted in decreased focal adhesion lifetime during collective migration.
Lastly, we discovered that RhoA was crucial for proper formation of both adherens junctions and
desmosomes, two types of epithelial cell junctions.

Together, this dissertation provides a novel understanding of how cancer cells sense
biophysical cues during invasive migration and moreover, uncovers a novel role for RhoA

GTPase signaling during collective contact guidance.
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Chapter 1 Introduction

1.1 The extracellular matrix in normal and malignant tissue

The extracellular matrix (ECM) is a dynamic network of macromolecules surrounding
cells within all tissues'?>. The ECM provides structural support within tissues while also playing
a key role in regulating tissue homeostasis by influencing events such as proliferation, growth,
and differentiation®*. The ECM is composed of a complex network of structural proteins
(including collagens and elastin), glycoproteins (including laminin, proteoglycans, and
fibronectin), growth factors, and enzymes’. These components are abundantly spread throughout
the ECM and often crosslinked to form the meshwork of the tissue. There are two main types of
ECM matrices, the basement membrane and the interstitial matrix®. In healthy tissue, the
basement membrane is a well-organized and dense matrix found on the basal side of epithelial
sheets and is necessary for tissue polarity, whereas the interstitial matrix constitutes the majority
of the tissue stroma providing structural support for cells. ECM organization and composition are
tightly regulated to maintain tissue homeostasis, and thus dysregulated ECM remodeling is
associated with many pathological conditions, including cancer and fibrosis’.

Collagens constitute the majority of ECM proteins with over 30% of the ECM being

composed of collagens, specifically collagen type I, II, and I11%°

. A total of 28 types of collagen
have been identified in vertebrates, and each type is made up of either homotrimers or
heterotrimers'®!!. Collagens can be broadly divided into two groups based on their

supramolecular organization, fibrillar and nonfibrillar collagens. Fibrillar collagens (types I, II,

I, V, XI, XXIV and XXVII) form elongated fibril structures that create 3D networks and



provide mechanical support to a tissue'2. Type I collagen, a fibrillar collagen, makes up more
than 90% of the collagen molecules in the body, and it is a principal component of interstitial
matrices found in organs and connective tissues like skin, tendons, and mammary glands. Type
IV collagen is a non-fibrillar collagen that is an essential component of the basement membrane.
Collagens are produced and secreted into the ECM by fibroblasts, osteoblasts, chondrocytes, and
some types of epithelial cells. The ECM undergoes continuous remodeling to ensure that tissues
retain their structure and ability to function properly, including breaking down old collagens that
need to be replaced with newly synthesized collagens’.

The composition of the ECM varies from tissue to tissue and during tissue state
transitions, such as during development or pathological progression'*!'4. During many diseases,
including cancer, ECM components can have disrupted expression, altered turnover, or aberrant
posttranslational modifications”!°. Many solid cancers, including pancreas and breast, are
associated with a dense, fibrotic ECM, termed desmoplasia'®!”. Desmoplasia is often due to an
increased deposition of fibrous collagen, specifically type I collagen, which leads to an increase
in tissue stiffness. In pancreatic cancer, chemoresistance is attributed to the highly desmoplastic
tumor microenvironment which prevents the distribution of therapeutic agents!®!.

In breast cancer, the ECM displays significant changes compared to healthy mammary
tissue, including the upregulation of fibrillar collagens (I, III, V), hyaluronan, and matricellular
proteins such as thrombospondin-1 and tenascin C (Figure 1.1). Additionally, during the
progression of breast cancer there is a decreased expression of collagen IV, which is mainly due
to the degradation of the basement membrane surrounding the breast epithelium by remodeling
enzymes such as matrix metalloproteinases (MMPs)?°. The heavy deposition of fibrous collagen

within the ECM causes tissue stiffness to increase by over 10-fold compared to normal stroma?!.



Elastin and collagen molecules can be crosslinked by lysyl oxidase (LOX) and lysine

hydroxylases, which are both frequently overexpressed in cancer, leading to an increase in ECM

stiffness and promotion of cancer progression®>%3.
Normal mammary gland Breast cancer
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Figure 1.1 Extracellular matrix remodeling during breast cancer progression.

The normal mammary gland consists of two main types of epithelia, luminal and basal epithelium. The luminal epithelium
forms the inner layer of the mammary ducts while the basal epithelium, consisting of myoepithelial cells, forms the outer
layer of the duct. A basement membrane surrounds the ducts separating the stroma from the epithelium. During breast
cancer progression, often the basement membrane is disrupted, and the interstitial matrix stiffness is greatly increased
which promotes tumor aggressiveness. These ECM changes are often due to excessive fibrillar collagen and fibronectin
deposition, decreased collagen IV deposition, and the upregulation of ECM remodeling enzymes such as lysyl oxidases
(LOXs) and matrix metalloproteinases (MMPs). (Modified from Insua-Rodriguez et al., Adv Drug Deliv Rev, 2016.)

Desmoplasia not only increases tissue stiffness but also creates distinct structural patterns
in the tumor microenvironment termed tumor-associated collagen signatures (TACS) 2*%3. TACS
were originally observed in murine mammary carcinoma tissue to describe zones within a tumor
that share distinct collagen architectures. TACS-1, characterized by dense collagen surrounding
the tumor, are observed at small tumor regions, while TAC-2 and TACS-3 are indicative of
invasive tumors (Figure 1.2). Specifically, TACS-2 describes collagen fibers which lie parallel
to the tumor mass, while TACS-3 indicates the presence of radially aligned collagen fibers.
These structural patterns help facilitate the directional invasion of cancer cells into and through

the stroma, a critical first step in metastasis’*?%. Since the identification of TACS features in



breast cancer, similar collagen architectures have been observed in melanoma?®’, lung cancer®®,
pancreatic cancer?’!, and prostate cancer’>*}. Additionally, TACS have been used clinically as
an prognostic marker due to the now well-established association between prognosis and primary

tumor architectures®*3%,
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Figure 1.2 Tumor-associated collagen signatures (TACS) describe distinct collagen architectures often observed in
invasive cancer tissue.

Schematic illustrates a solid tumor mass surrounded by both parallel collagen fibers (TACS-2) and perpendicularly aligned
collagen fibers (TACS-3). Using the aligned collagen fibers, cancer cells are able to directionally migrate away from the
primary tumor. Magnified region 1 shows a mesenchymal cancer cell migrating along an aligned fiber with constrained focal
adhesions and a polarized actin cytoskeleton. Magnified region 2 depicts a cancer cell migrating using a low traction,
amoeboid migration mode. Magnified region 3 illustrates collectively migrating cancer cells at the tumor-stroma interface

intricately balancing cell-cell and cell-ECM interactions to navigate the complex fiber networks. (Modified from Ray et al.,
Curr. Opin. Cell Biol., 2021.)

1.2 Contact guidance

Extracellular mechanical cues, such as stiffness and topography, are increasingly
recognized as powerful signals that can drastically alter cell growth, differentiation, and
migration®. Within the tumor ECM, collagen alignment has been shown to drive the directed

migration of cancer cells along aligned ECM fibers in a process known as contact



guidance?****! Contact guidance refers to the ability of cells to polarize and migrate along
anisotropic architectures, such as aligned collagen fibers*>.To investigate the mechanisms of how
cells sense contact guidance cues, researchers have developed a wide range of microfabricated
systems, such as microprinted lines and nanoridges, to mimic specific ECM structures*. Most of
the work studying contact guidance has been performed using these in vitro, 2D models to create

a highly controlled and structurally defined environment**.

The concept of contact guidance was first proposed by Paul Weiss in 19414

, and since
then three primary theories have been postulated to explain contact guidance-mediated
migration. First proposed by Dunn and Heath in 1976, the mechanical restriction theory
proposed that the shape of the substrate imposes limits on the formation of the actin
cytoskeleton*®. They theorized that actin filaments are fairly inflexible, so curved substrates lead
to shortened actin protrusions that have insufficient traction and thus inhibit cell polarity.
Accordingly, it has been shown that filopodia, thin actin-rich protrusions, sense topographies
through anisotropic force generation, and on nanoridges, filopodia prefer to align with the
nanoridges*’>!.

While the mechanical restriction theory provided insight into how cells sense a single
topographical feature, it does not explain how cells will react to continuous topographies such as
aligned grooves. Therefore, Ohara and Buck proposed the focal adhesion restriction theory in
1979 using various cell types and grooved substrates. Focal adhesions are mechanosensitive,
multiprotein complexes that connect the actin cytoskeleton to an extracellular substrate, and
therefore, they are crucial for substrate sensing. Observing that cell-substrate interactions were

confined to the surfaces of the ridges, they suggested that forming longer and larger focal

adhesions allows for greater cell adhesion and thus, cells may favor developing focal adhesions



parallel to grooves>2. In support of this hypothesis, recent work demonstrates that focal adhesions
mature in an anisotropic fashion along aligned architectures causing a subsequent alignment of
the actin cytoskeleton®>. However, studies have observed the maturation of focal adhesions
both parallel and perpendicular to substrate orientation®®>’, though perpendicular adhesions have
been demonstrated to be less stable than parallel focal adhesions>®. It is still to be determined
whether these focal adhesion patterns promote contact guidance or are a result of contact
guidance. Lastly, in 1990 Curtis and Clark built upon both of these theories by proposing the
discontinuity theory®. They asserted that discontinuities, such as microgroove edges or steep
curvatures, induce actin condensation leading to focal adhesion formation and cell polarization at
these sites. This hypothesis has been supported by other work from the 1990s which observed
rapid actin condensation at substrate edges®”*’. The signaling pathways controlling contact
guidance have yet to be fully elucidated, largely due to the variety of cell migration modes and
diverse substratum conditions. Yet, generally focal adhesions, actin protrusions, and contractility

all play crucial roles during contact guidance sensing.

1.3 Directed Cell Migration: Mechanisms and Modes

Directed cell migration is a complex cell behavior that is crucial for a variety of
physiological processes such as embryonic development, angiogenesis, immune response, and
wound healing. Additionally, cancer cells utilize these morphogenetic programs to migrate
throughout the body during cancer invasion and metastasis®**2. Directed cell migration requires
coordination between numerous signaling pathways to execute a dynamic reorganization of the
cytoskeleton and the formation of cell-matrix adhesions®*~%>. Cells can sense a variety of cues
within the ECM including chemical signals (such as chemokines and secreted proteins) as well

as physical cues (such as stiffness, topology, and porosity) which all lead to directional



migration®. Generally, cells can either move individually (amoeboid or mescheymal migration)
or collectively (in strands, sheets, or clusters); however, the exact mechanisms distinguishing
these different modes are not fully understood®®.

During migration, all cells exhibit both adhesion and contractility, but the mechanisms
regulating these steps are highly dependent on the type of migration mode. Single cell migration
can be generally classified into two modes of migration, mesenchymal and amoeboid, though
changes in the cell’s environment can highly influence the migration phenotype®®®’. Amoeboid
migration generally refers to a type of rapid cell migration characterized by a rounded cell
morphology, low traction force generation, and a lack of mature focal adhesions and stress
fibers®®%. Amoeboid cells generate adhesions that are non-integrin or weak integrin mediated
which facilitate faster migration’’. Many immune cells and the social amoeba Dictyostelium
discoideum use an amoeboid migration mode which allows for rapid cell shape changes and
protease independent migration in 3D matrices. On the other hand, fibroblasts and many cancer
cells migrate using a mescheymal migration mode which is characterized by stable integrin-
based adhesions and higher traction force generation compared to amoeboid cells’!. These cells
adopt elongated, spindle-like morphology with well-defined front and back polarity’. The
signaling pathways that regulate migration phenotypes vary between migration modes, but
alterations in these signaling pathways allow cells to switch modes. For example, either the
suppression of integrin signaling or confinement allows for a switch from a mesenchymal
migration to amoeboid migration’®. Conversely, inhibition of Rho/ROCK signaling can switch
amoeboid-like melanoma cells toward a mesenchymal morphology’®.

Cell migration involves a series of coordinated events that can be generally categorized

into four phases: polarization, protrusion, adhesion, and contractility. These cycles are



continuously repeated to allow for directional migration and occur simultaneously. To initiate
directional migration, a cell must first establish polarity in response to an external stimulus, such
as a mechanical or chemical cue. Polarization creates distinct leading and trailing edges and is
mediated by a network of signaling molecules including small GTPases Rac1 and Cdc427>7°,
After establishing polarity, Racl then stimulates WAVE and Arp2/3, central actin nucleators, to
polymerize actin at the leading edge’’. The branched polymerizing actin structures, termed
lamellipodia, push against the cell membrane inducing membrane protrusions’8*°. The
protrusions are stabilized by binding to nascent adhesions which link the cell to the substrate.
Cellular adhesion and traction primarily rely on integrins, which are transmembrane receptor
molecules that form heterodimers and attach to ECM proteins®'. Immature, nascent adhesions
can mature into larger and more stable structures termed focal adhesion complexes, usually upon
RhoA activation or due to external tension force®” . Focal adhesions not only serve as cellular
mechanosensors but also as traction sites where cells can generate the necessary tensional forces
to propel the cell body forward®. Contraction forces are generated by myosin motors that bind
and contract actin filaments leading to forward movement®’-#3. Myosin II activity is controlled by
the activity of a number of kinases including Rho-associated protein kinase (ROCK) and myosin
light-chain kinase (MLCK)®. Adhesions are dissembled at the leading edge and the rear of the
cell through the activity of focal adhesion kinase (FAK) and Src”’. Adhesion disassembly at the
rear is necessary for the translocation of the cell and regulated by myosin II dependent actin

contractility”'. These repeated cycles of protrusions, formation of adhesion complexes, and

retractions characterize cell migration.



1.4 Cancer Invasion and Collective Migration

It has been demonstrated that the majority of solid cancers, including breast cancers, use

9294 which often make them more metastatic

collective migration strategies during metastasis
compared to single tumor cells®>®. During cancer invasion, the first step of metastasis,
carcinoma cells acquire a migratory phenotype which allows them to cross the basement
membrane and invade the surrounding tissue stroma (Figure 1.3)°7%8. The term collective
invasion encompasses numerous morphological phenotypes such as multicellular strands (with or

without a lumen), small clusters, blunt protrusive strands with no discernable leader cells, and

amoeboid-like multicellular streams with loose cell-cell adhesions®?. The diversity of migration
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Figure 1.3 General steps of epithelial cancer cell invasion into stroma.

Schematic first illustrates carcinoma in situ, which is the first stage of cancer growth where tumor cells are
proliferating but encapsulated by the basement membrane. During cancer progression, cancer cells become
disorganized, often losing apical-basal polarity and gaining migratory abilities. At this stage, tumor cells can cross
the basement membrane and migrate into the tumor stroma. Tumor stroma often displays greater numbers of
immune cells and fibroblasts as well as changes to collagen networks that can facilitate the migration of cancer cells.
(Modified from Clark et al. Curr. Opin. Cell Biol., 2015).



strategies highlights the fundamental ability of cancer cells to adapt to their environmental
conditions.

Collective migration is the cohesive and coordinated movement of multicellular groups in
response to local chemical and mechanical signals®'%. Collective migration is essential for
many normal cellular processes including wound healing and embryonic development as well as
pathological conditions such as cancer metastasis®*!°1"1% Compared to single cell migration,
collectively migrating cells display more efficient directional migration due to soluble and
contact-mediated interactions between cells within the tissue. Similar to front-rear polarity in
single cell migration, migrating cell sheets often display a tissue-scale polarization with distinct
populations of leader and follower cells!*1%,_ Follower cells compose the major cell population
within the sheet and migrate at low speeds behind leader cells'?’. At the leading edge, leader
cells display polarized actin protrusions and sense changes within the ECM. Leader-follower
kinetics rely on strong cell-cell adhesions to promote persistent directional migration'%11° In
fact, collective migration involves a complex interplay between cell-matrix and cell-cell
interactions, both of which are crucial for proper directional migration.

Throughout collective migration, cells maintain close contact with each other through
intercellular junctions. Stable cell-cell junctions provide coordinated cytoskeletal activity
between neighboring cells and therefore are crucial for cell sheet polarization!'!!. There are four
main types of intercellular junctions: adherens junctions, tight junctions, gap junctions, and
desmosomes!!?"!!*, Tight junctions promote the maintenance of apical-basal polarity as well as
regulating the paracellular transport of ions and solutes'!®. Gap junctions contain channels that

allow for passive movement of molecules between neighboring cells!'®. Finally, adherens
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junctions and desmosomes anchor neighboring cells to each other, linking the actin and
intermediate filament cytoskeletons, respectively!!’.

Adherens junctions are composed of classical cadherins, such as E-cadherin and N-
cadherin, and cytoplasmic catenin family members, including p120-catenin, B-catenin, and a-

118 “Cadherins link the plasma membranes of neighboring cells through homophilic

catenin
interactions'!®. Their cytoplasmic domains bind catenins which in turn associate with a variety of
other molecules including the actin cytoskeleton and cytoskeletal regulators'?’. E-cadherin, a
member of the classical calcium-dependent cadherin family, mediates cell-cell adhesion in
epithelial tissues and is the best characterized marker of epithelial tissues. E-cadherin not only
plays a role in adhesion between adjacent cells, but it is also critical for the sensing of
mechanical tension within an epithelial tissue!?""'?2. In addition to serving as a critical regulator
of tissue homeostasis and morphogenesis'?}, E-cadherin has been implicated as a tumor
suppressor for decades!>*1?°, In fact, the progression of breast cancer is often correlated with the
downregulation or loss of E-cadherin expression'?-13°. Additionally, E-cadherin expression is
lost in over 85% of invasive lobular mammary carcinomas'3!:132,

Desmosomes are calcium-dependent, intercellular junctional complexes which link the
intermediate filament cytoskeleton between neighboring cells'**!**, Desmosomes provide strong
cell-cell adhesion and thus are essential in tissues which undergo large amounts of mechanical
strain, such as the epidermis and heart'**!%_ In addition to providing adhesion, desmosomes are
signaling scaffolds for proliferation and differentiation'*®!*’. Desmosomes are composed of three
major gene families: armadillo proteins (plakophilins and plakoglobin), desmosomal cadherins

(desmogleins and desmocollins), and plakin proteins (desmoplakin, plectin, envoplakin, and

periplakin)!**14°_ Desmoglein and desmocollin heterodimers create the fundamental adhesive
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unit between neighboring cells. Plakoglobin or plakophilins bind to the cytosolic domains of
desmosomal cadherins via their N terminus and to plakin family members at their C terminus'*!.
Plakophilins and plakogoblin directly interact with plakins, notably desmoplakin, which mediate
the binding of the junction to the intermediate filament cytoskeleton. Though dysregulation of
desmosomes are often linked to heart and skin diseases, desmosome family members, including
desmosomal cadherins and armadillo protein family members, have been shown to act as tumor

suppressors or oncogenes in various cancer types'*2.

1.5 Rho GTPase regulation and effectors

The Rho-family of GTPases, a member of the Ras superfamily of small GTPases,
contributes to several important cellular processes including cell migration, actin dynamics,
microtubule organization, cell polarity, and regulation of gene expression'**, and many of the
Rho GTPases have been implicated in the regulation of cancer progression!**146, Rho-family
GTPases are found in all eukaryotes and are highly conserved'*’. In humans, there are 20 Rho-
family GTPase family members which can be divided into eight subfamilies and classified as
either typical or atypical depending on their regulation'*®, Like Ras proteins, typical Rho-family
members cycle between an inactive GDP-bound form and an active GTP-bound form and are
regulated by GTPase activating proteins (GAPs) and guanine nucleotide exchange factors
(GEFs) (Figure 1.4). Conversely, atypical Rho family members do not follow the classical
GTPase cycling and have unique regulatory mechanisms'#®. Within the Rho family, three typical
Rho GTPases, Racl, Cdc42, and RhoA, have been best characterized due to their ubiquitously
high expression and critical roles in the regulation of the actin cytoskeleton',

Rho family members share about 30% identity in amino acid sequence with Ras proteins

151

and between 40-95% identity with other family members™>". All Rho family members contain
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Figure 1.4 The typical Rho GTPase cycle is regulated by RhoGEFs, RhoGAPs, and RhoGDIs which alter protein
localization and activity.

The binding of inactive Rho proteins to guanine nucleotide exchange factors (GEFs) results in the exchange of GDP for
GTP. This exchange leads to protein activation and effector binding which mediates many cellular processes including
adhesion, growth, and polarity. Binding with a GTPase activating protein (GAPs) increases the intrinsic hydrolytic GTPase
activity of the protein thus promoting GDP-bound forms and ending signaling. Inactive GTPases can either be targeted for
degradation or stabilized by binding to guanine disassociation inhibitors (GDIs). (Modified from Porter et al., Small
GTPases, 2016.)

three amino acid sequence elements: a conserved G domain, a carboxyl-terminal hypervariable
region, and core effector domain'* (Figure 1.5). The highly conserved G-domain includes five
consensus GDP/GTP binding motifs (G1 to G5) that are crucial for nucleotide binding and
hydrolysis'*2. The second element, the core effector domain, corresponds to sequences that are
involved in the interactions with downstream effector proteins. Lastly, all family members have
a C-terminal hypervariable region which ends with a CAAX tetrapeptide motif (C: cysteine; A:
an aliphatic amino acid; and X: a terminal amino acid). The cysteine residue in the CAAX motif
undergo a series of posttranslational modifications including prenylation (geranylgeranyl or

farnesyl isoprenoid lipid), carboxyl methylation, and palmitoylation'>*. These modifications
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enhance the association of Rho family members with the plasma membrane and/or
endomembranes'>*. These lipid modifications allow typical Rho GTPases to bind to the

appropriate lipid molecules on membranes which is required for their biological activity.
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Figure 1.5 RhoA GTPase domains, important residues, and sites for posttranslational modifications.

Like other Rho family members, RhoA contains three main amino acid sequence elements: a conserved G domain, a
carboxyl-terminal hypervariable region, and a core effector domain. RhoA mutations can result in the production of
constitutively active proteins as well as dominant negative proteins depending on the residue. RhoA is regulated through
phosphorylation, ubiquitination, and prenylation at multiple sites. (Modified from Orgaz et al., Encyclopedia of Signaling
Molecules, 2018.)

Typical Rho GTPases are activated by GTP binding, causing a conformational change
that enables their interaction with a wide range of downstream effector proteins!>. Three unique
types of regulatory proteins are responsible for controlling the GDP/GTP cycling of Rho family
proteins: GTPase activating proteins (GAPs); guanine nucleotide exchange factors (GEFs);
guanine nucleotide-disassociation inhibitors (GDIs)!3*"!38, GEFs catalyze the exchange of bound
GDP to GTP thereby activating the GTPase!>!%°. Conversely, GAPs stimulate the endogenous
GTP hydrolysis activity of the GTPase promoting the formation of inactive, GDP-bound
protein'®!. Rho GDIs regulate Rho GTPase activity by binding to the C-terminal prenyl group
and sequestering them in the cytosol away from their sites of action at membranes'®>!%, Since

free prenylated Rho GTPases are unstable in the cytosol, RhoGDI binding protects Rho GTPases
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from degradation by the proteosome, therefore maintaining a stable pool of inactive Rho
GTPases in the cytosol'®*. In mammals, there are over 80 RhoGEFs, 70 RhoGAPs, and 3 GDIs
that have been identified, each with varying affinities for the unique Rho GTPases, thereby
highlighting the complexities of Rho GTPase regulation'®®. Unlike Ras proteins, Rho GTPases
are rarely mutated in cancer, instead their expression or activity are dysregulated'*®!%®, In many
cancers, the expression of GEFs, GAPs, and GDIs are altered leading to the dysregulation of Rho

family members!>%167,

1.6 RhoA in healthy tissue and cancer

At this time, the Rho GTPase superfamily contains 20 family members which can be
divided into eight subfamilies based on protein structure and function'®®, The Rho subfamily
includes RhoA, RhoB, and RhoC which share about 85% identity in amino acid sequence with

168

the majority of divergence in identity around the C-terminus *°. All three subfamily members

169170 however recent studies have uncovered

have been shown to regulate actin assembly
various functional differences as well as differences in cellular localization between subfamily
members'’"!72, RhoA is the most well-characterized Rho subfamily member, and is known to
directly bind 11 effector proteins including Rho-associated kinase (ROCK1/2), the myosin
phosphatase-targeting subunit 1 of myosin light chain (MLC) phosphatase, mDia, Protein kinase
N (PKN), Citron, Citron-kinase, Rhotekin, and Rhophilin'®®,

RhoA is well known to induce cellular contractility through the activation of its major
downstream effector ROCK1/2!'73. ROCKs are multifunctional serine/threonine kinases and the
most well-characterized effectors of RhoA!”*. ROCKs enhance actin-myosin contractile force

generation by phosphorylating a variety of downstream targets including myosin light chain 2

(MLC2)!7>176 LIM kinases'’”!"8, and the myosin binding subunit of myosin light chain
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phosphatase 1 (MYPT1)!”, thereby regulating numerous cellular events including cell
proliferation, cytokinesis, polarity, survival, and adhesion!3®"'¥2, In addition, ROCKSs are known
to regulate microtubule and intermediate filament stability and formation'®*-'¥”. ROCK has two
isoforms, ROCK1 and ROCK2, which are encoded by two separate genes, ROCK and
ROCK2"8, ROCK 1 and ROCK 2 share 92% amino acid identity in their kinase domain and
65% homology in their overall amino acid sequences!®'"!, though they also have unique
functions'*?"1**, Both ROCK 1 and ROCK2 have an N-terminal catalytic kinase domain, a central
coiled-coil domain which contains a Rho binding domain (RBD) binding domain, and a C-
terminal PH domain'®>. The RBD exclusively binds to GTP-bound RhoA, RhoB, and RhoC.
Rho GTPases play a critical role in the regulation of various signaling pathways that are
critical for the maintenance of healthy tissues, but also fundamental for cancer development!*®-
198 These pathways include cell proliferation, growth, migration, and survival'*®. Unlike Ras
GTPases which are mutated in 15-30% of human tumors'®®, Rho GTPases are generally not
mutated in cancer, with the notable exception of activating Racl mutations?*>**!, Rho GTPase-
dependent signaling pathways are more frequently dysregulated through overexpression or
hyperactivation of various signaling components, including the overexpression of Rho GEFS or
of the Rho GTPase itself!*+2022%4 Qverexpression of RhoA has been shown in breast?*>-2%
colorectal?®>2"7 lung?®, cervical®®®, bladder’”, head and neck?!?, gastric?!!, and testicular
cancers?!2. Interestingly, recent advances in whole-genome sequencing have identified recurrent
loss-of-function and gain-of-dominant-negative function mutations in RHOA in T-cell
lymphomas?!3216, diffuse large B-cell lymphoma?®!’, and diffuse-type gastric cancer?'®?!°. These
more recent findings suggest that either wild-type RhoA functions as a tumor suppressor or that

the loss of RhoA signaling somehow enhances oncogenic signaling. Although it seems that
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RhoA can play an important role in cancer progression, it is still uncertain how the interplay with
other Rho members affects cancer growth and whether there are different roles for RhoA

throughout cancer progression.

1.7 Overview of dissertation

In this dissertation, I present an investigation into how contact guidance signals alter
breast cancer cell collective migration. In Chapter 2, I describe how we investigated and
quantified collective migration phenotypes in response to electrospun fibers. In Chapter 3, I
detail the role of RhoA GTPase during collective contact guidance. In Chapter 4, I discuss the

implications of this work in the field of contact guidance and collective migration.
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Chapter 2 An Adaptive and Versatile Method to Quantitate and Characterize Collective
Cell Migration Behaviors on Complex Surfaces

The work presented in this chapter has been previously published as follows: Loesel K.E.,
Hiraki, H.L., Baker, B.M., Parent, C.A. (2023). An adaptive and versatile method to quantitate
and characterize collective cell migration behaviors on complex surfaces. Frontiers in Cell and

Developmental Biology, 11. https://doi.org/10.3389/fcell.2023.1106653

2.1 Abstract

Collective cell migration is critical for proper embryonic development, wound healing,
and cancer cell invasion. However, much of our knowledge of cell migration has been performed
using flat surfaces that lack topographical features and do not recapitulate the complex fibrous
architecture of the extracellular matrix (ECM). The recent availability of synthetic fibrous
networks designed to mimic in vivo ECM has been key to identify the topological features that
dictate cell migration patterns as well as to determine the underlying mechanisms that regulate
topography-sensing. Recent studies have underscored the prevalence of collective cell migration
during cancer invasion, and these observations present a compelling need to understand the
mechanisms controlling contact guidance within migratory, multicellular groups. Therefore, we
designed an integrated migration analysis platform combining tunable electrospun fibers that
recapitulate aspects of the biophysical properties of the ECM, and computational approaches to
investigate collective cell migration. To quantitatively assess migration as a function of matrix
topography, we developed an automated MATLAB code that quantifies cell migration dynamics,
including speed, directionality, and the number of detached cells. This platform enables live cell
imaging while providing enough cells for biochemical, proteomic, and genomic analyses,

making our system highly adaptable to multiple experimental investigations.
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2.2 Introduction

The extracellular matrix (ECM), the non-cellular component of a tissue, acts not only as a
supportive cellular scaffold but also provides biochemical and biophysical cues to cells??°. ECM
composition varies greatly between tissue types and even within the same tissue as a function of
disease, where the presence of various chemical and physical cues is known to influence cell
division, migration, polarity, and metabolism. In particular, gradients of physical and chemical
cues promote directed cell migration, a process that is essential during development, wound
healing, immune responses and tumor progression®>%. For instance, during breast cancer
invasion, high intra-tumoral stiffness, often due to increased deposition and crosslinking of
collagen fibers, induces cancer cell migration into healthy, peripheral mammary tissue*?!. Cells
sense ECM architecture, such as aligned fibers, through a process termed contact guidance or
topotaxis®>> 2?4, It is widely accepted that contact guidance provides a powerful cue to promote
cancer invasion®’. Aligned collagen fibers that radiate from the periphery of a primary tumor
have been shown to promote directional migration in murine breast cancer models, and tumor
ECM tension induces the alignment of random fibrillar matrices leading to greater directionality
and invasive cell migration?***2%>,

In recent years, it has been demonstrated that many solid cancer cells principally invade
local tissues by retaining their cell-cell contacts and migrating as collective groups of cells'®!-22°,
Similarly, during wound healing, cell sheets polarize and migrate as a cohesive unit to close the
wound”®??’. These collectively migrating cells integrate signals arising from cell-ECM

interactions as well as cell-cell contact as they navigate complex ECM architectures. It is

therefore critical that we understand the role of contact guidance during collective cell migration.
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To address these questions, we developed a method to investigate how multicellular groups
undergo contact guidance using an adaptable in vitro system.

Wound healing assays, where a scratch “wound” is created in a confluent monolayer, are
often used to study cell sheet migration but can create cell debris and be complicated by
variations in “wound” size; in addition, this assay lacks physiologically relevant topology. As an
alternative to wound healing assays, other groups have employed 2D spheroid migration
assay?2%23!, Previous studies have applied spheroids onto 2D surfaces to study durotaxis®*? and
chemotaxis®*?, yet how spheroids interpret contact guidance signals remains unexplored.
Therefore, we developed a method to study collective cell migration dynamics using live cell
imaging of spheroids on complex, fibrous 2D surfaces. The method allows visualization in phase
and fluorescent modes when using cells expressing fluorescent probes. Furthermore, collection
of the cells migrating on the 2D surfaces allows for concomitant biochemical and transcriptional
characterizations of signaling pathways. By tuning of electrospinning parameters, we can
investigate the influence of fiber diameter, fiber mat density, fiber alignment, and ECM adhesive
components on collective cell migration behavior. Through this systematic deconstruction of the
complex ECM, a better understanding of the mechanisms by which multicellular groups sense
the various fibrous architectures of the ECM can be achieved and provide parameters that can be
applied to more complex 3D models. To demonstrate the utility of this innovative system, we
characterized collective migration of the highly invasive and metastatic breast cancer cell line

MDA-MB-231 on aligned and random fiber mats.
2.3 Methods

2.3.1 Synthesizing electrospun fiber mats
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To create fibrous 2D surfaces for studying cancer cell migration, we utilized
electrospinning, a highly tunable fiber production method. Electrospinning has been previously
established to generate fibrous topography from a variety of natural and synthetic polymers. In
this method, charged polymeric material is ejected from a spinneret under a high-voltage electric
field onto a collection surface where the material solidifies to retain a fibrous structure®*,
Depending on the material type, the width of the fibers can range from nanometer to micrometer
in scale and various crosslinking and functionalization methods can be sequentially employed to
modulate the fiber mechanical properties or adhesive ligand presentation?*>237. The generation
of fibrous topographies has been widely employed to model cell migration on fibrous ECM
mimetics where properties such as fiber orientation, density, and ligand presentation can be
readily tuned. For our experiments, we used fibers with 1-2 um diameters, which mimic collagen
fibers observed in the murine mammary gland in vivo**.

As originally published by Davidson et al.?*®, the synthetic fibers we used are composed
of dextran vinyl sulfone (DexVS). DexVS matrices are resistant to hydrolytic degradation
thereby allowing for long term cell culture experiments. The percent of vinyl sulfone
functionalization of the dextran backbone was confirmed by nuclear magnetic resonance (NMR)
spectroscopy. To create Dex VS, we dissolved 5.0 g of high molecular weight (86 kDa) dextran
in 0.1 N NaOH solution in a 500 mL bulb flask. In a chemical safety hood, the solution is stirred
at approximately 250 rpm for 5 min or until the dextran is completely dissolved. Then, 12.5 mL
pure divinyl sulfone is added to the bulb flask, which should turn the solution red within 1 min.
The reaction is terminated by adding 2.5 mL 12 M HCI solution. If the solution does not turn
pale green, we iteratively add 0.5 mL 12 M HCI solution. After terminating the reaction, the

solution is transferred to 12—14 kDa dialysis tubing and dialyzed against Milli-Q for 72 h,
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changing the water every 12 h. After dialysis, 30 mL of purified DexV'S solution is aliquoted into
50 mL conical tubes and frozen at —80°C for at least 1 h or until fully frozen. The frozen solution
is lyophilized at —86°C and 0.040 mBar for 72 h. Finally, the 50 mL tubes are sealed with
parafilm and the dry DexV'S polymer is stored at —30°C until use.

To prepare the electrospinning solution, we thaw a 50 mL tube of dry DexVS at room
temperature and weigh the dry polymer into a 20 mL scintillation vial. DexVS is dissolved at 0.6
g/mL in 1:1 dimethylformamide (DMF)/MQ with 10 mg/mL lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), 0.75 mM methacryloxyethyl thiocarbamoyl rhodamine B,
and 5 vol% glycidyl methacrylate on a stir plate at ~100 rpm for 2—4 h. The electrospinning
solution can then be stored at 4°C for up to 1 month.

To create electrospun fibers mats, we draw DexVS electrospinning solution into a 1 mL
syringe and attach a 305 mm 18G stainless steel (SS) needle. We seal the syringe-needle
interface with electrical tape to prevent leakage and push out air bubbles through the needle
before use. Next, we attach the syringe to an automated syringe pump at 0.2 mL/h flow rate and
place it in a humidity-controlled glove box at 30%—-35% relative humidity. To create random
fiber mats, we place a round 12 mm2 glass coverslip on top of a grounded copper collection
surface centered below the SS needle tip. Then we situate the tip of the SS needle 7 cm from the
copper collection surface and connect the needle to the voltage source with an alligator clamp.
We set the power source to —7.0 kV and turn on the automated syringe and voltage. As
electrospinning solution begins to deposit, we adjust the copper stage to center the
electrospinning cone above the glass coverslip. To create aligned fibers, we set the voltage
source connected to the SS needle to +4.0 kV and balance the coverslip between two parallel

electrodes set to —4.0 kV. We then deposit the electrospun fibers onto the coverslip for 30 s to 3
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min depending on the desired thickness of the fiber mat. When the fiber mat reaches the desired
thickness, we wet a cotton swab in water and run the swab tip around the edges of the coverslip
to separate the fiber network on the coverslip from the surrounding copper collection surface.
We then primary crosslink the fiber mats under 365 nm UV light at 100 mW/cm?2 for 20 s to
stabilize the fibers. The fiber-coated coverslips can be stored in a low humidity environment for
up to 1 month.

The coverslips can be mounted on 24 well plates, thereby allowing the simultaneous
recording of up to 24 different conditions. This is accomplished by drilling 10 mm2 holes in the
bottom of a polystyrene 24 well plate using a Dremel 7,760 tool and a tungsten carbide, double-
cut 25° pointed cone drill bit. After creating the well plate, we glue the coverslips on the plates
using Dow SYLGARD™ 164 Silicone Elastomer kit, which is easily peeled off for further use
after live cell imaging. After hydrating the fiber mat using heparin methacrylate (HepMA; see
next section), we sterilize the coverslips with 70% ethanol for 10 min to prevent contamination.
This setup can be easily scaled down to 12 or six well plate setups by spinning on larger

coverslips.

2.3.2 Live cell imaging of cancer spheroids

To allow cells to adhere to the synthetic fibers, we incubate the fiber mats in 50 uL of 2.5
w/v% HepMA, a structural analog to heparan sulfate, diluted in LAP followed by exposure to
UV light (100 mW cm—2) for 20 s. Heparan sulfate proteoglycans (HSPGs), which bind many
ECM proteins, are distributed throughout the ECM and are present at the cell surface®*8. The
reaction covalently binds vinyl sulfone groups to methacrylate and enables coating of the fibers
with any HSPG-binding proteins, such as type I collagen, fibrinogen, and fibronectin (Figure

2.1A). For our experiments we coat the fiber mats with 100 pg/mL type 1 bovine collagen for 1
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h at 37°C. We also coat glass with 100 pg/mL type 1 bovine collagen for 1 h at 37°C as a control
for our experiments. Following collagen binding, fiber mats or glass are rinsed three times with
DPBS before adding spheroids.

To study collective cell migration, we use a spheroid migration assay where spheroids
generated from the MDA-MB-231 cell line are plated onto fiber-coated 2D coverslips and
imaged in real time as they migrate on the surface while retaining cell-cell contacts (Figure
2.1B). We generate spheroids using low adhesion 96 well plates coated with 1.2% 2-
hydroxyethylmethylmethacrylate (polyHEMA). To create polyHEMA coated plates, we prepare
a stock concentration of (12% or 120 mg/mL) polyHEMA solution and then dilute the stock to
1.2% in 95% ethanol. The stock and the working Poly-HEMA solutions can be stored at room
temperature for several months. We then add 100 pL/well of 1.2% poly-HEMA and let the plates
dry at 37°C until the alcohol is evaporated (2—3 days). To create spheroids, 1,000 cells in 80 uL
are seeded into each well of the low adhesion V-bottom 96 well plates. After 6 days, a time point
determined to generate tight spheroids with no necrotic core, we collect the spheroids and stain
them with 0.8 ug/mL Hoechst 333482, a cell permeable nuclear dye, for 10 min at 37°C and
wash in full media. For a 24 well plate setup, we seed ~4 spheroids into each well in 500 pL of
full media. The spheroids are allowed to settle and adhere to the fibers for 2 h at 37°C, 5% CO2
before live imaging. The spheroids and fiber mats are imaged using a Zeiss Axio Observer Z.1
LED epifluorescence microscope equipped with an environment chamber that maintains
temperature (37°C) and CO2 (5%) levels. The spheroids are imaged using phase-contrast
microscopy every 10 min and fluorescence microscopy to image the Hoechst label every 30 min

for 24 h (Figure 2.1C; Supplementary Movies S1, S2'). In addition, an image of the fluorescent

IThe supplementary movie files can be found at the following link:
https://www.frontiersin.org/articles/10.3389/fcell.2023.1106653/full#supplementary-material
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fiber mats on the first timepoint is acquired for later quantification of fiber mat density and
alignment. After the experiments, the coverslips can be easily peeled off, and the well plate can

be reused after sterilization with 70% ethanol.
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Figure 2.1 Experimental setup using DexVS fibers and cancer cell spheroids.

(A) Cartoon depicting the method used to generate the fibers. Dextran is reacted with vinyl sulfone to create Dex VS, which
then is mixed with LAP and electrospun to create fiber mats on coverslips. (B) Cartoon depicting the 2D spheroid migration
assay. After functionalization with collagen, cancer cell spheroids are plated onto fiber mats of interest and imaged over
time to assess migration. (C) Representative phase contrast images of a MDA-MB-231 spheroid migrating on random or
aligned fiber mats taken at the times 0 and 18 h. Spheroids are outlined in white to delineate the extent of cell spreading.
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2.4 Results

2.4.1 Utilizing TrackMate to generate cell tracks

To obtain migration metrics, we use the open-source ImagelJ plugin, TrackMate 6.0.2, to
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detect the Hoechst-positive nuclei and output individual nuclear locations over time
importing the live cell TIF file images into TrackMate, we remove non-migrating dead cells
from the data set by selecting the nuclei with the polygon selection tool and clearing them using
the clear function (Image — Clear). Next, we load the TIF files to track in TrackMate. For our
analysis, we use a Laplacian of Gaussian (LoG) detector and a 12 pm diameter within TrackMate
to detect nuclei. Next, we use the linear assignment problem tracker to link nuclei from frame to
frame and create tracks. In the last prompt, the user can export the overlay of the tracks on the
video and the spot statistics. The spot statistic data, which includes unique nuclei ID numbers,
frame intervals, and the X and Y location of the nuclei, are then loaded into MATLAB for
analysis. Using these values, we create an adaptable MATLAB script that calculates cell
migration metrics, including Euclidean and accumulated distances, mean and median cell speed,
instantaneous cell speed, mean cell directionality, and instantaneous cell directionality (Figure
2.2A). In addition, correlations between speed and directionality can be measured to further gain
insight into migration phenotypes.

To demonstrate the capabilities of this platform, we measured the migration dynamics of
the MDA- MB-231 breast cancer cell line on random and aligned electrospun fiber mats (Figure
2.2B; Supplementary Movie S3). Using the TrackMate plugin, we tracked 200—-800 nuclei per
frame (Figure 2.2C). We observed a gradual increase in the number of cells migrating over time

due to persistent migration of the cells from the spheroid body (Figure 2.2D). Interestingly, we
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tracked a higher number of cells from spheroids after migration on glass compared to fiber mats,

which is likely due an increase in cell speed on glass (see below).
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Figure 2.2 Methodology used to obtain cell migration metrics.

(A) Workflow for image processing to compute cell migration metrics after live cell imaging. (B) Representative
fluorescent images of a MDA-MB-231 spheroid migrating on glass, random or aligned fiber mats taken at the times
0 and 18 h. (C) Graph depicting the number of nuclei tracked at 22 h for spheroids migrating on the different
surfaces. Each point represents an independent experiment. (D) Graph depicting the number of cells tracked as a
function of time. Data represented as a mean + SEM for C and+ SD for (D). created

using
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2.4.2 Analyzing cell migration metrics using MATLAB

After analysis using our MATLAB script, we found that MDA-MB-231 spheroids show
strong contact guidance when migrating on aligned fiber mats compared to isotropic surfaces
such as glass and random fibers. The polar histograms illustrate the probability of migration
direction with aligned fibers corresponding to the —90° and +90° directions (Figure 2.3A). We
also found that cells migrate faster and farther on glass surfaces compared to fiber mats (Figures
2.3B, C). It has been reported that 3D collagen matrix alignment does not affect MDA-MB-231
cell speed**’, and similarly we found that in 2D the MDA-MB-231 cells migrate at comparable
speeds on random and aligned fiber surfaces (Figure 2.3C). Additionally, we measured
instantaneous metrics to assess migration changes over time. We found that speed decreased over
time for all the conditions, but cells on glass showed a consistently higher cell speed at all time
points (Figure 2.3D).

To dissect potential heterogeneity in migration within the group, we next determined
whether cell speed correlated with cell directionality. To do so, we partitioned the cell speed data
into four bins based on the individual mean cell speed of the cells and plotted the corresponding
cell directionalities (Figure 2.3E). In the context of the contact guidance response observed on
aligned fiber mats, we found no correlation between speed and directionality as cells in all bins
exhibited strong directional migration on aligned fibers. In addition, we found that cells plated on

surfaces without a directional cue—such as the random fiber mats or glass—migrated consistently
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in all directions. Taken together, these findings suggest that MDA-MB-231 cells display a highly

uniform directional response to fiber alignment.
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Figure 2.3 Bulk cell migration metrics of MDA-MB-231 spheroids migrating on glass and fiber surfaces.

(A) Probability distribution plots of cell motion direction for MDA-MB-231 cells migrating on glass or fiber
mats. (B) Graph depicting the mean accumulated distance for MDA-MB- 231 cells migrating for 22 h on glass,
random fiber mats, or aligned fiber mats. (C) Graph depicting the mean cell speed of MDA-MB-231 cells
migrating on glass or fiber mats. (D) Instantaneous cell speed (mean +/- SEM) of MDA-MB-231 spheroids over
24 h. (E) Graphs depicting the frequency of directional migration on glass or fiber mats. The different colors
represent cell speeds that were binned as depicted. Analyses were performed on seven spheroids on glass, 11
spheroids on random fibers, and 11 spheroids on aligned fibers (n > 3 biological replicates). p values are
determined using an unpaired t-test. *p <0.05, **p <0.01, ***p < 0.001.

29



2.4.3 Identification and quantification of single cell dispersion.

We next set out to measure the migration metrics of cells within the group and those
which break away from the group (i.e., single cells). To accomplish this, we used the k-nearest
neighbor (KNN) algorithm, which compares a point of interest to candidate points using
Euclidean distance. Using the nearestneighbour function?*!, we compared the distance between
each nucleus to all other nuclei within a frame, and identified nuclei that did not have nearest
neighbors, based on a user defined input distance. After identifying the total number of single
cells and their corresponding cell IDs within each frame, the code then loops through every
frame, so the user has the number and cell ID of single cells in each timepoint. More specifically,
we first loop through each frame and calculate X and Y coordinates for all nuclei. Next, using a
nested loop, we assigned each nucleus as the point of interest and use the KNN algorithm to
determine if that nucleus has neighbors within a specified distance threshold. After indexing
through each nucleus in frame 1, the script then proceeds to frame 2. In addition to outputting the
number of single cells in each frame and their corresponding cell ID, we utilized the videowriter
function to output an AVI video file that displays all the cells over time and denotes “single”
cells in color and “group” cells in grey. Finally, after classifying cells into “single” or “group”
cells, cell speed and directionality between these two groups can easily be measured.

To determine the optimal distance between nuclei for single cell designation in the MDA -
MD-231 cells, we tested three KNN distance thresholds—30, 50, and 100 pm. As expected, we
found that a higher threshold (100 pm) identified fewer single cells compared to a lower
threshold of 50 or 30 um (Figures 2.4A, B; Supplementary Movie S4). Using the AVI file
exported from MATLAB and our original phase-contrast video, we then determined the best

threshold for each cell line. By comparing the phase contrast video with the AVI file output from
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MATLAB, we were able to determine which nuclei belongs to single cells. We determined that a
40 pm threshold most accurately represents our data, which show that MDA-MB-231 cells
migrating on glass coverslips display a significantly greater increase in single cells dissemination
compared to cells on fibers (Figure 2.5A). In addition, to account for any variation between the
total number of migrating cells, we plotted the ratio of the number of single cells over the total
number of cells as a function of time on all three surfaces and found that the proportion of single
cell dispersion also increases over time, and that spheroids on glass show the greatest proportion
of single cell dispersal (Figure 2.5B). This loss of group migration on glass, which also

correlated with increased speeds, is likely due to the lack of topographical complexity.

In addition to identifying and quantifying the number of single versus groups of cells
over time, we further investigated any changes in speed or directionality between these two
groups. By comparing the mean cell speed over time of cells within groups versus single cells on
fiber or glass surfaces, we found that single cells move faster than cells within the group at all
time points on glass surfaces, while both single and group cells on fiber mats tend to move at the
same speed over time (Figure 2.5C). Based on previous literature, we envision that the lack of
substrate complexity and increased substrate stiffness of glass surfaces allow for more stable
cell-substrate interactions leading to increased traction force and cell speed**? %, Finally, we
also studied the directionality of single cells by plotting each cell’s instantaneous directionality
over time. Not surprisingly, we found that single cells migrating on aligned fiber mats exhibit
strong contact guidance compared to single cells migrating on glass or random fibers surfaces

(Figure 2.5D).
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Figure 2.4 Effect of different nearest neighbor thresholds on single cell dispersion metrics of MDA-MB-231 spheroids
migrating on glass.

(A) Graphs depicting the location of cells 0 and 20 h after the initiation of migration using different nearest neighbor thresholds.

Group cells are displayed in grey and single cells are displayed in color. (B) Graph depicting the number of single cells as a
function of time for the different threshold used.
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Figure 2.5 Single cell migration metrics of MDA-MB-231 spheroids migrating on glass and fiber surfaces.

(A) The number of single cells detached from the cell sheet over time. (B) Differences in the number of single cells over the
number of total cells to account for differences in total number of cells detected. (C) Mean cell speed of collective cell groups
or single cells on various fiber mats over time. (D) Directionality of single cells over time on glass, random fiber mats, and
aligned fiber mats with fibers at 90° direction for aligned fiber mats. Each dot represents the instantancous directionality of
one single cell. Analyses were performed on seven spheroids on glass, 11 spheroids on random fibers, and 11 spheroids on
aligned fibers (n > 3 biological replicates). All data presented as mean + SEM.

2.4.4 Visualizing protein localization and protein expression changes during migration on

fiber mats

The dynamic distribution of proteins of interest in cells migrating on the various substrate
can readily be studied by constructing cells expressing fluorescently tagged proteins and
capturing images at relevant time points during migration (see live cell imaging section above).

In addition, immunofluorescence can be used to visualize static protein distribution in cells
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migrating on the various surfaces. For both applications, the fluorescent fibers provide a mean to
assess the distribution of protein of interests in relationship with the fibers (Figure 2.6A).
Furthermore, the fixed samples can be complimentary to the live cell imaging analyses by using
cells expressing fusions with fluorescent markers. As a proof of concept, we fixed cells that
migrated on the surfaces for 24 h with 4% PFA for 10 min at 37°C followed by washing with
PBS. Next, we permeabilized the cells in 0.1% Triton-X100, and blocked non-specific binding
using 4% bovine serum albumin (BSA). We stained for B-tubulin at 4°C overnight in 1% BSA.
After conjugation with a compatible fluorescent secondary antibody and incubation with
phalloidin-488 and Hoechst, the cells were imaged using a Zeiss 880 confocal microscope. As
expected, MDA-MB-231 cells showed a dramatic difference in cytoskeletal morphology on
random, aligned or glass surfaces (Figure 2.6A). On glass surfaces, the cells commonly
displayed stress fibers due to the rigidity of the glass, and B-tubulin fibers radiated from the
center of the cell. On random fibers, the cytoskeleton formed strong interactions with the random
matrix that seemed to direct F-actin and B-tubulin localization. Whereas MDA-MB-231 cells
migrating on aligned fibers showed an elongated and aligned actin and microtubule cytoskeleton.
In addition to assessing migration dynamics using live cell imaging, the system we
developed can readily be used to measure changes in protein expression and/or activation status
after collective cell migration on the fibrous surfaces using western blot analysis. For these
applications, we prepare cell lysates once all the cells have migrated out of the spheroids onto the
2D surfaces, which is 6 days for the MDA-MB-231 cells. To obtain enough material for these
measurements, we plate approximately ten spheroids onto a 25 mm?2 coverslip. To extract
proteins of interest, we place the coverslips on ice and use 200 puL of 2X Laemmli lysis buffer

per coverslip to initiate cell lysis. After 5 min on ice, the lysates are scraped, transferred in a
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microcentrifuge tube and centrifuged at 10,000xg for 15 min at 4°C to remove fibers and clarify
the cell lysate. At this point, the samples can be subjected to gel electrophoresis and changes in a
protein of interest can be investigated using immunoblotting. As an example, we collected
sufficient protein to compare differences between p-tubulin expression in MDA-MB-231 cell

migration on random fibers or glass coverslips (Figure 2.6B).
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Figure 2.6 Expression and distribution of p-tubulin after cell migration on glass or fiber mats.

(A) Immunofluorescence localization of B-tubulin and F-actin after 24 h of cell migration on fiber mats or glass. Scale bar is
10 pm. (B) Immunoblot depicting B-tubulin expression after 6 days of cell migration on glass of random fiber mats.

2.5 Discussion

In summary, we present a highly adaptable method to investigate collective cell
migration on complex surfaces using live cell imaging, in depth automated migration

quantification, as well as biochemical analyses which can be performed following live cell
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imaging. Building on previous systems investigating cell migration in response to chemical and
stiffness cues, we developed a method to provide a holistic understanding of how different cell
types migrate on fibrous surfaces of various topographies and allow the investigation of the
molecular changes that occur as cells encounter and migrate on these surfaces. We demonstrate
that by combining the use of cancer cell spheroids with electrospun fiber mats, it is possible to
measure migration dynamics of collective groups as well as individual cells moving on
physiologically relevant fiber topographies. As a proof of concept, we demonstrate the full
capabilities of our method using the highly metastatic breast epithelial cell line, MDA-MB-231,
on two distinct fiber topographies, using glass as a control.

In addition to optimizing the spheroid-fiber migration assay, we also successfully
automated much of the cell migration analysis using the TrackMate plugin from ImageJ**° and
by developing a custom MATLAB script. Our MATLAB script can quickly process all datasets
within a user-specified folder allowing for rapid migration analysis. In addition to calculating
bulk migration data, we also utilize the k-nearest neighbor algorithm to distinguish single versus
group migration, allowing us to analyze migration changes within these subsets. We showed that
MDA-MB-231 cells show an increased mean cell speed and accumulated distance on glass
surfaces compared to fiber mats. Additionally, we showed that speed and directionality are not
correlated in MDA-MD-231 cell migration. We further investigated differences in migration
between cells within the group and cells which break away from the group and found that while
single cells migrating on fiber mats show similar speeds as their corresponding group cells,
MDA-MB-231 single cells migrate much faster on glass than cells that are part of the group.

The assays can easily be modified according to the user’s interests: changing cell matrix

protein (i.e., fibronectin, collagen IV); including other cell types to produce a co-culture system,;
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genetic manipulations or inhibitor treatment; as well as changes in fiber size, density and
organization or fiber mat size. In addition, developing methods to expand the capabilities of the
cell tracking workflow to incorporate more intricate quantification such as changes in nuclear
morphology over time can readily be done. Finally, in the future, we envision that this system
could be scaled to 3D using a fiber-enforced hydrogel**®?*’. While image acquisition and
quantification methods are more challenging in 3D environments, we recently published an
automated image analysis framework that can be used in future 3D experiments®*®. Additionally,
we are currently expanding our 2D aligned fiber mat system to a more complex 3D aligned fiber
system through the use of superparamagnetic iron oxide nanoparticles (SPIONs) embedded in
synthetic fiber segments®*’.

Our approach has some limitations that leave room for future improvement. These
include the lack of automation during the TrackMate analysis, which we plan to streamline by
integrating TrackMate with MATLAB using the Image]-MATLAB extension. The addition of
this automated step will greatly increase the efficiency and speed of the workflow. Also, while k-
nearest neighbor identification of single cells allows for an equal classification based on a user-
defined constant between experimental conditions, there are drawbacks to this method. For
example, the user is required to define the distance threshold which subsequently determines the
classification of a single or group cell. So, while this adds bias to the quantification, it also
allows for analysis of cell types with different migration phenotypes and cytoskeletal
morphologies. In the future, it may be useful to stain cells with a cytosolic fluorescent dye, so

that this classification can be done without user bias.
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Chapter 3 RhoA Controls Contact Guidance in Collectively Migrating Breast Cancer Cells
by Regulating Cell-Cell Junctions and Focal Adhesions

3.1 Abstract

Collective cell migration is a fundamental process involved in a wide array of
physiological and pathological responses and a hallmark of cancer invasion and metastasis. It has
been demonstrated that physical features of the dysregulated tumor extracellular matrix (ECM),
such as collagen fiber alignment, influence invasion phenotypes. Contact guidance is the process
through which cells sense and respond to substrate anisotropies, such as aligned fibers,
ultimately altering adhesion formation, directionality, and migration. The coordinated and
directed movement of cells within a group is regulated by multiple extracellular signals and
intracellular signaling pathways. Among these pathways, RhoA GTPase serves as a crucial
regulator, orchestrating cytoskeletal dynamics, focal adhesion dynamics, and cell-cell adhesions
which are all essential for proper collective cell migration. We sought to investigate the
mechanisms by which multicellular groups sense aligned fibers by assessing whether RhoA
facilitates contact guidance in migrating cell sheets. We found that loss of RhoA or inhibition of
a major Rho effector, Rho-associated protein kinase (ROCK), led to a significant decrease in the
contact guidance ability of collectively migrating breast epithelial cells. Based on these findings,
we sought to determine if the loss of collective contact guidance was due to changes in focal
adhesions or cell-cell junctions. We found that the loss of RhoA led to a decrease in focal

adhesion lifetime. Also, the loss of RhoA led to dramatic changes in the distribution of cell-cell
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adhesion proteins, with RhoA null cells exhibiting increased E-cadherin and decrease
Desmoplakin localization at cell-cell junctions compared to scramble controls. Together, our
study explores the intricate signaling networks controlling contact guidance, identifying a pivotal
role of RhoA/ROCK signaling in mediating contact guidance during collective cell migration.
Furthermore, our findings demonstrate that RhoA regulates the dynamics of focal adhesions and

cell-cell adhesions, which are both crucial for effective collective contact guidance.

3.2 Introduction

Extracellular mechanical cues, such as stiffness and topography, are increasingly
recognized as powerful signals that can drastically alter cell growth, differentiation, and
migration®’. The non-cellular component of a tissue, termed the extracellular matrix (ECM), is
composed of a complex network of structural proteins, glycoproteins, growth factors, and
enzymes'?*°. The topology of fibrillar collagen, the main structural component of the ECM,
dictates cell behavior and migration**. In fact, collagen alignment within the tumor ECM has
been shown to drive the directed migration of cancer cells along fiber orientation in a process
termed contact guidance?**%41251-253 Contact guidance refers to the ability of cells to polarize
and migrate along aligned architectures, such as aligned collagen fibers*. Until recently, much
of the work studying contact guidance has been performed using single cells, although collective
cell migration has been shown to be the primary mode of invasive migration in vivo!'%1:105:254,

Collective cell migration is a highly coordinated process that requires the cohesive
movement of cells in response to local chemical and mechanical signals®®!'%. Collective cell
migration is essential for many normal cellular processes including wound healing and

embryonic development. Additionally, during the initial steps of cancer metastasis, malignant

epithelial cells collectively invade healthy tissue surrounding a tumor®*!'%2. Collective cell
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migration involves a complex interplay between cell-matrix and cell-cell interactions, both of
which are crucial for proper directional migration. Throughout collective cell migration, cells
maintain close contact with each other through intercellular junctions, such as adherens junctions
(AJs) and desmosomes. Stable cell-cell junctions provide coordinated cytoskeletal activity
between neighboring cells and therefore are crucial for cell sheet polarization. In addition, cells
form integrin-based adhesions, termed focal adhesions, with ECM components, such as collagen
and fibronectin®>®. Focal adhesions are mechanosensitive protein complexes that directly link
the actin cytoskeleton to the ECM, thus allowing cells to sense and respond to changes within

their environment®®

. Contact guidance has been proposed to be driven by constrained focal
adhesion maturation along aligned architectures and subsequent alignment of the actin
cytoskeleton™.

The Rho family of GTPases control actin dynamics and therefore highly influence cell
polarity and migration. They switch between an inactive GDP-bound form and an active GTP-
bound form through the enzymatic activity of Rho GTPase activating proteins (GAPs) and
guanine nucleotide exchange factors (GEFs) '°%!%7. Additionally, guanine nucleotide dissociation
inhibitors (GDIs) serve as negative regulators of Rho GTPases by controlling the localization

and stability of GTPase activity'*®

. While over 20 Rho GTPase family members have been
identified, three family members—Rac1, Cdc42, and RhoA—have been studied extensively due
to their critical roles in the regulation of the actin cytoskeleton. RhoA is known to induce cellular
contractility and actin polymerization through the activation of its downstream effectors Rho-
associated protein kinase (ROCK1/2) and the formin mDia, respectively. ROCK enhances

actomyosin contractility by directly phosphorylating myosin light chain as well as indirectly

through the inactivation of myosin phosphatase'’%?>>2% RhoA has crucial roles in the assembly
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and stability of focal adhesions in single cells**”-*>®. Additionally, RhoA is important for
maintaining epithelial sheets through the stabilization of E-cadherin, an essential AJ protein®>°-
261 RhoA may be critical for robust collective contact guidance due to its significant role in
regulating the formation of cell-substrate and cell-cell contacts, however this has not been
directly tested.

We hypothesize that RhoA plays an important role in contact guidance during collective
cell migration through the regulation of actomyosin contractility, focal adhesions dynamics, and
cell junction stability. In this study, we employed nanofabrication technology, live cell imaging,
and robust quantitative analyses. We report a dramatic loss in contact guidance in the absence of
RhoA during collective cell migration. We provide evidence that depleted RhoA/ROCK
signaling results in faster focal adhesion disassembly. We also demonstrate that loss of RhoA
causes a dramatic increase in E-cadherin membrane localization while drastically decreasing
desmosome plaques at the cell junctions. Our findings suggest that RhoA coordinates collective

contact guidance through the regulation of focal adhesion dynamics and cell-cell adhesions.
3.3 Results

3.3.1 Synthetic, aligned electrospun fibers provide a platform to study contact guidance during

collective cell migration.

We generated synthetic, aligned electrospun fiber mats to study contact guidance as
previously described (Suppl. Figure S3.1A)?*°. These fiber mats are composed of fibers with
diameters of 1-2 um which resemble murine collagen fibers observed in vivo**. To examine
collective cell migration on fiber mats, we created spheroids from breast cancer cell lines with
varying malignant potentials, plated them onto fiber mats coated with collagen I, and imaged

every 10 min over 22 hrs (Suppl. Figure S3.1B). We quantified the migration of individual cells
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within the spreading spheroid by tracking Hoechst-stained nuclei using TrackMate and a custom
MATLAB script?$22%, We first compared the migration phenotypes of four breast epithelial cell
lines — pre-malignant MCF10AT (M2), poorly invasive BT-474, highly invasive MDA-MB-231,
and highly invasive MCF10CA1a (M4) - on fiber mats composed of either aligned or randomly
oriented fibers. We chose these cell lines based on their unique genetic backgrounds and their
previously established differences in malignant potential?®*2%, The M2 and M4 cell lines are
part of the well-established MCF10A (M1) cell series progression model*®. The parental M1
cells were derived from a patient with fibrocystic breast disease and are nonmalignant. The M2
cells were created by transfection of the M1 cells with mutant H-ras and xenograft-passaging in
nude mice; the M2 cells are considered premalignant, as they generate premalignant lesions that
spontaneous progress to primary tumors in 25% of mice?®®. The highly invasive M4 cells were
derived from xenografts after a series of implantations into nude mice. M4 cells readily produce
tumors when subcutaneously injected into nude mice and form metastatic legions following tail
vein injection®®*. In contrast, the estrogen-receptor positive BT-474 cell line rarely forms
metastatic lesions when injected subcutaneously in mice?’*?’!. Additionally, we used the MDA-
MB-231 cells which were derived from a patient with metastatic ductal breast carcinoma?®”?.
When injected into the mammary fat pad of nude mice, MDA-MB-231 cells can spontaneously
metastasize to lymph nodes and distant organs?’!-*73

While we observed considerable variation between the four cell lines in the distance they

migrated and their collectivity (Figure 3.1A, see Chapter 3 appendix for further migration

quantification), all cell lines migrated directionally along the aligned fiber mats as represented
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Figure 3.1 Highly invasive, breast epithelial M4 cells display strong RhoA activation and strong contact guidance

response.

(A) Phase contrast images of migrating breast epithelial cell lines on aligned or randomly oriented fiber mats after 18 hours of
migration. Colored outlines depict collective migration over time, which increases from blue to red. Scale bars are 200 pm. (B)
Polar histograms demonstrating cell directionality on random or aligned fibers. Aligned fibers are oriented in +90° and -90°
direction. (C) Trajectory orientation index of cells on random and aligned fiber mats. Each point represents the mean TOI of all
the cells from one spheroid. Middle solid line is the mean value. (D) Serum-starved cells were stimulated with serum, lysed,
and GTP-RhoA was pulled down using GST-Rhotekin-RBD beads. GTP-bound RhoA and whole cell lysates were subjected to
gel electrophoresis and probed with anti-RhoA antibody. Data in C and D are mean +/- SEM. *P< 0.05, **P< 0.01,
*#%%P<(0.0001, ns = no significance (one-way ANOVA with Tukey's multiple comparisons test: C)
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in the polar histograms (Figure 3.1B). As expected, cells that migrated on the fiber mat lacking
alignment (random fibers) showed no preference in the direction of migration. (Figure 3.1B). To
quantify the contact guidance response, we calculated a trajectory orientation index (TOI) of
each migrating cell based on its initial and final location. The TOI has a maximum value of 1 for
a cell migration track that travels perfectly aligned to the fibers and a minimum value of -1 for a
track that travels perpendicular to the fiber (Suppl. Figure S3.1C)°°. As expected, the TOI
values for all four cell lines migrating on randomly oriented fibers were approximately 0,
indicating random movement (Figure 3.1C). We found that M4 cells displayed the highest TOI
among the four cell lines migrating aligned fiber mats, while the premalignant M2 cells exhibited

the lowest TOI on aligned fibers (Figure 3.1C).

3.3.2 Highly invasive M4 cells display strong contact guidance and high RhoA activation

Since RhoA strongly influences actin dynamics and cell polarity, we hypothesized that
the contact guidance response positively correlates with the extent of RhoA activation. We
therefore assessed the levels of active GTP-bound RhoA using a rhotekin-RBD pulldown assay
in the four breast epithelial cell lines in monocultures on collagen I-coated glass. Cells were
serum-starved for 2 days to inactivate Rho, and GTP-RhoA levels were measured in response to
serum stimulation. Serum, which contains lysophosphatidic acid (LPA), is a well-known

activator of Rho?’+?7

and provides a means to compare RhoA activation levels across cell lines.
We found that the highly invasive breast epithelial cell lines, M4 and MDA-MB-231, showed the
strongest activation of RhoA in response to serum addition (Figure 3.1D). Interestingly, the pre-

malignant M2 and poorly invasive BT-474 cells displayed a mild decrease in RhoA activation

following serum stimulation, indicating that these cells are not responsive to RhoA activating
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stimuli. As M4 cells show a robust RhoA activation and a strong contact guidance response, we

therefore used these cells to assess the role of RhoA during collective contact guidance.

3.3.3 Loss of RhoA leads to a decrease in contact guidance during collective cell migration

To study the role of RhoA during contact guidance, we used CRISPR/Cas9 RhoA
knockout (KO) or scramble control (SCR) M4 cells previously generated in our lab*’® and
monitored their migration as described above (see Figure 3.1). Additionally, we generated RhoA
KO cells expressing eGFP alone or eGFP-RhoA as a rescue cell line. We found that SCR and
eGFP-RhoA expressing cells migrated cohesively with tight cell-cell junctions, while RhoA KO
and eGFP expressing cells displayed single cells breaking off the migrating sheet (Figure 3.2A).
Additionally, while SCR and eGFP-RhoA expressing cells traveled directionally along the fiber
orientation, RhoA KO and eGFP expressing cells showed frequent deviation from the fiber
direction as demonstrated by representative cell tracks (Figure 3.2B). Contact guidance was
considerably reduced in RhoA KO and eGFP expressing cells compared to SCR and eGFP-
RhoA expressing cells (Figure 3.2C). We found that RhoA KO cells had an almost twofold
reduction in TOI compared to the SCR (Figure 3.2D), indicating that RhoA is important for
contact guidance during collective cell migration. Additionally, the RhoA KO cells migrated
significantly faster than the SCR control cells (Figure 3.2E).

Upon further analysis of the cell sheet migration phenotypes, we observed signs of
defective cell-cell adhesions within RhoA KO and eGFP expressing cell sheets compared to SCR
and eGFP-RhoA expressing cell sheets. To visualize the cytoskeleton at the leading edge, we
fixed the cells after 48 hours of migration on fibers and stained for F-actin. We observed that the
leading edge of the RhoA KO cell sheet displayed gaps between neighboring cells, indicating

junctional fracturing and defective cell sheet organization (Figure 3.2F). To quantify this
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Figure 3.2 Loss of RhoA leads to a reduction in contact guidance.

(A) Phase contrast images of M4 SCR, RhoA KO, eGFP-RhoA rescue, and eGFP-only cells after 18 hours of migration on
aligned fiber mats. Scale bars are 100 pm. (B) Representative tracks of cell migration over 22 hours on aligned fiber mats.
Aligned fibers are oriented in +90° and -90° direction. (C) Polar histograms demonstrating cell directionality on aligned fibers.
Aligned fibers are oriented in +90° and -90° direction. (D) Trajectory orientation index of cells on aligned fiber mats. Middle
solid line is the mean value. Each point represents the mean TOI of all the cells from one spheroid. (E) Average speed of cells on
aligned fiber mats. Each point represents one spheroid. Middle solid line is the mean value. (F) Representative
immunofluorescence image of SCR and RhoA KO cell sheet at leading edge after migration on Dex VS aligned fibers labeled
with rhodamine methacrylate (magenta) and stained with phalloidin-647 (white) and Hoechst 33342 (yellow). Scale bar is 20
um. Asterisk depicts gap in cell sheet. (G) Number of gaps between cells at the leading edge. Middle solid line is the mean
value. N=2 biological replicates. (H) Number of single cells that have broken away from the migrating sheet. Middle solid line is
the mean value. Each point represents one spheroid. *P<0.05, **P<0.01, ***P< 0.001, ns = no significance (one-way ANOVA
with Tukey's multiple comparisons test: D, E, H).
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behavior, we defined the leading edge of the cell sheet as the first 80-100 um of the migrating
front, quantified the number of gaps between cells in that region, and found that RhoA cell sheets
contained more gaps within the leading edge (Figure 3.2G).

Additionally, RhoA KO and eGFP expressing cells often displayed single cells breaking
away from the migrating sheet. Using an unbiased quantification based on the k-nearest
neighbors (KNN) algorithm, we quantified the number of single cells breaking off the migrating
sheet over 24 hours of migration. We observed a significant increase in the number of single
cells breaking off in cells that lack RhoA (Figure 3.2H). Taken together, these data demonstrate
that RhoA is crucial for collective contact guidance, possibly through the regulation of cell-cell

adhesions.

3.3.4 Contact guidance during collective cell migration is dependent on Rho/ROCK signaling

Active RhoA promotes actomyosin contractility through its effector, ROCK'#.
Therefore, we next tested if inhibition of ROCK1/2 also disrupts contact guidance during
collective cell migration. After allowing spheroids to attach to fiber mats, we treated M4
spheroids with the selective, ATP-competitive ROCK1/2 inhibitor Y-27632277-27° and assessed
changes in contact guidance during collective cell migration. After treatment with Y-27632, we
observed individual cells breaking off the migrating sheet (Figure 3.3A). Consistent with our
hypothesis, ROCK1/2 inhibition resulted in a decrease in directional migration along fiber
orientation as demonstrated by representative cell tracks (Figure 3.3B). Polar histograms of cell
directionalities show a decreased proportion of cells travelling along the orientation of fibers
following ROCK1/2 inhibition (Figure 3.3C). Furthermore, after ROCK1/2 inhibition, we
calculated a significant decrease in TOI (Figure 3.3D). Like RhoA KO cells, after ROCK1/2

inhibition, we observed an increase in single cells breaking off the migrating sheet compared
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with vehicle control, though the phenotype was less dramatic (Figure 3.3E). Together these
results show that ROCK1/2 activity is crucial for robust contact guidance during collective cell
migration and suggest that cell sheet polarization and directional migration require myosin-

dependent contractile forces.

3.3.5 Contact guidance during single cell migration is independent of RhoA signaling

We next investigated whether the decreased contact guidance ability of RhoA KO cells
represents a cell-autonomous property. In contrast to collective migration, which depends on
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Figure 3.3 ROCK1/2 inhibition leads to a reduction in contact guidance.

(A) Phase contrast images of M4 WT spheroids treated with 10puM Y-27632 or vehicle control. Images taken after 18 hours of
migration on aligned fiber mats. Scale bars are 100 um. (B) Representative tracks from spheroids treated with either 10uM Y-
27632 or vehicle after migration on aligned fiber mats. Aligned fibers are oriented in +90° and -90° direction. (C) Polar
histograms demonstrating cell directionality on aligned fibers. Aligned fibers are oriented in +90° and -90° direction. (D)
Trajectory orientation index of cells on aligned fiber mats. Each point represents the mean TOI of all the cells from one
spheroid. (E) Number of single cells that have broken away from the migrating sheet. Middle solid line is the mean value. Each
point represents one spheroid. (C: vehicle: n = 5354 cells, 19 spheroids; Y-27632: n = 3859 cells, 11 spheroids). Data in D are
mean +/- SD. *P<0.05, ***P<0.001 (unpaired t-test: D, E).
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both cell-substrate and cell-cell interactions, single cell migration depends exclusively on cell-
substrate interactions. To avoid the influence of cell-cell adhesions, we therefore focused on
investigating individual cell migration by seeding individual cells on fiber mats at a low plating
density. We tracked the migration properties of SCR or RhoA KO single cells plated on aligned
fiber mats. Using live cell imaging, we observed strong directional migration along fibers for
both SCR and RhoA KO single cells (Figure 3.4A). Indeed, both SCR and RhoA KO single
cells traveled almost exclusively along the fiber orientation as demonstrated by polar histograms
of cell directionalities and the similar high trajectory orientation index (Figure 3.4B&C). We
also found that RhoA KO single cells traveled significantly faster and almost twice as far as SCR
single cells (Figure 3.4D&E).

Additionally, we observed significant changes to cell morphology after the loss of RhoA,
consistent with previous reports?®*282. SCR cells had a flattened and elongated cell shape along
the fiber orientation, while RhoA KO cells had a rounded cell morphology with reduced cell
spread area and protrusions (Figure 3.4F&G). To quantify changes to cell shape, we calculated
the ratio between the major and minor axis of the cell as well as the height of each cell based on
F-actin staining (1 = rounded, >1 = elongated). SCR single cells were significantly more
elongated along fiber orientation and flatter than the RhoA KO single cells (Figure 3.4H&I).
Together, these findings show that although the loss of RhoA alters cell shape, it does not impact
contact guidance responses during single cell migration thereby suggesting that the decrease

contact guidance observed during collective migration is not a cell-autonomous trait.

3.3.6 RhoA depletion leads to changes in focal adhesion elongation and size during individual

and collective contact guidance
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Figure 3.4 Loss of RhoA does not affect contact guidance ability but alters single cell morphology.

(A) Representative tracks from SCR or RhoA KO single cells after migration on aligned fiber mats. Aligned
fibers are oriented in +90° and -90° direction. (B) Polar histograms demonstrating cell directionality on aligned
fibers. Aligned fibers are oriented in +90° and -90° direction. (C) Trajectory orientation index of cells on aligned
fiber mats. Each point represents the TOI of a single cell. Middle solid line is the mean value. (D) Average
accumulated distance of single cells after migration on aligned fiber mats. Each point represents the average
accumulated distance of a single cell. Middle solid line is the mean value. (E) Average mean speed of single
cells after migration on aligned fiber mats. Each point represents the average accumulated distance of a single
cell. Middle solid line is the mean value. (F) Representative immunofluorescence image of SCR and RhoA KO
single cells migrating on Dex VS aligned fibers labeled with rhodamine methacrylate (magenta) and stained with
phalloidin-647 (white) and Hoechst 33342 (yellow). Scale bar is 10 um. (G) Cell outlines of 12 representative
single cells in X/Y direction. Aligned fibers are oriented in +90° and -90° direction. (H) Individual cell aspect
ratios in X/Y direction. Each point is a cell. Middle solid line is the mean value. (I) Individual cell aspect ratios in
X/Z direction. Each point is a cell. Middle solid line is the mean value. (A-E: SCR: n = 1,545 cells; RhoA KO: n
= 2,033 cells). ****pP<0.0001, ***P< 0.001, *P<0.05, ns =not significant (unpaired t-test: C-E, H-I).
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Aligned architectures spatially constrain focal adhesion formation leading to polarized actin
formation and subsequent directional migration®>?%3. As Rho activation is known to play a key
role in the formation of focal adhesions®®’, we next investigated how the loss of RhoA alters
focal adhesions during either individual or collective migration on aligned fiber mats. After

integrin-mediated adhesion, paxillin, a focal adhesion adaptor protein®>2%4

, 1s recruited to nascent
focal adhesions where it serves as a scaffold signaling protein and is crucial for focal adhesion
growth?®>286_Paxillin activation is regulated by numerous phosphorylation events, including
phosphorylation at tyrosine residues 118 and 31 by focal adhesion kinase and Src*®"-2%
Therefore, we analyzed the morphology and distribution of Y118 phosphorylated paxillin (p-
paxillin) after in SCR and RhoA KO cells after 24 hours of migration on aligned fiber mats. We
first investigated changes to focal adhesions in individually plated cells. While both SCR and
RhoA KO single cells displayed highly aligned focal adhesions along fibers, we observed a
decrease in the number of focal adhesions in cells lacking RhoA (Suppl. Figure S3.2A). For
high-throughput, unbiased quantification of focal adhesions, we utilized the versatile ImagelJ
plugin TrackMate v7 with integrated Weka Trainable Segmentation detector?>?°* and found that
RhoA KO cells displayed approximately half the number of focal adhesions per individual cell
compared to SCR cells (Suppl. Figure S3.2B). To compensate for the dramatic cell shape
changes we observed in RhoA KO cells (see Figure 3.4F-I), we quantified the number of focal
adhesions per cell area. While the difference did not reach statistical significance, we observed a
trend towards a reduction in the number of focal adhesions over cell area in the RhoA KO cells,
compared to the SCR (Suppl. Figure S3.2C). These findings suggest that since RhoA KO cells

exhibit a rounded cell shape, they have less area in contact with the fibers thus leading to a

decrease in focal adhesions.
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Figure 3.5 RhoA depletion leads to changes in focal adhesion elongation, size, and lifetime during individual and
collective contact guidance.

(A) Representative immunofluorescence image of SCR and RhoA KO cells migrating on Dex VS aligned fibers labeled with
rhodamine methacrylate (magenta) and stained with phospho-Paxillin-Tyr118 (white) and Hoechst 33342 (yellow). Scale bar is
10 um. (B) Average number of focal adhesions at leading edge after migration on fiber mats. (C) Average number of focal
adhesions over cell area after migration on fiber mats. (D) Ellipse aspect ratio of focal adhesions. Each point represents one
image. (E) Average area of focal adhesions. Each point represents one image. (F) Average number of focal adhesions after
treatment with 10 um Y-27632 or vehicle control at leading edge after migration on fiber mats. (G) Average number of focal
adhesions over cell area after treatment with 10 pm Y-27632 or vehicle control after migration on fiber mats. (H) Montage of a
focal adhesion from the leading edge of a SCR or RhoA KO spheroid during migration on aligned fibers. Scale bar is 4 um. (I)
Number of focal adhesions over 1 hour of migration on fiber mats. (J) Average focal adhesion lifetime for SCR and RhoA KO
cells. (K) Area of focal adhesions. (L) Ellipse aspect ratio of focal adhesions. (B-E: SCR: n = 4418 focal adhesions, n = 20
spheroids; RhoA KO: n = 3155 focal adhesions, n= 19 spheroids). ****P< 0.0001, **P< 0.01, ns =not significant (unpaired t-
test: B-G, J-L). Data in I are mean +/- SEM.
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We also measured the average focal adhesion area per cell and focal adhesion ellipse aspect
ratio. We found that RhoA KO single cells had larger and more elongated focal adhesions,
compared to SCR cells (Suppl. Figure S3.2D&E). Thus, in cell migrating individually, while
the loss of RhoA did not result in a change in the number of focal adhesions per cell area, the
focal adhesions were larger and more elongated.

Next, we investigated focal adhesions at the leading edge of cells migrating collectively
on aligned fibers. Similar to observations in single cells, we found that loss of RhoA resulted in a
significant decrease in the number of focal adhesions at the leading edge (Figure 3.5A&B).
After compensating for changes in cell area, we also measured a trend towards a reduction in the
number of focal adhesions at the leading edge in RhoA KO cell sheets compared to SCR cells
(Figure 3.5C). While the loss of RhoA did not affect the area of the focal adhesions (Figure
3.5D), we did find that focal adhesions at the leading edge of the collectively migrating cells
were almost half the size of the focal adhesions in single cells (compare Figure 3.5D with
Suppl. Figure S3.2D). Furthermore, in contrast to what we observed in single cells, the loss of
RhoA did not produce more elongated focal adhesions in collectively migrating cells, if
anything, we observed a trend towards reduced focal adhesion elongation in the RhoA KO cell
sheets compared to SCR cells (Figure 3.5E). Of note, inhibition of ROCK activity using Y-
27632, gave rise to similar findings regarding the number of focal adhesions/cell area (Figure
3.5F&G). Together, our findings suggest that the way focal adhesions form along aligned

structures differs depending on whether cells are migrating individually or collectively.

3.3.7 Focal adhesion lifetime decreases after loss of RhoA during collective contact guidance

As focal adhesions are dynamic protein assemblies, we set out to investigate how the loss

of RhoA affects focal adhesion lifetime. It has been reported that early adhesions, which are
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generally defined to last 1-3 min in epithelial cells when migrating on flat surfaces 2122,

are
more dependent on Racl, another small Rho GTPase and critical regulator of cytoskeletal
dynamics, while mature focal adhesion formation requires high RhoA activation and lower Racl

activity®”

. To monitor focal adhesion assembly over time, we expressed paxillin-eGFP, which
has been reported to faithfully localize to focal adhesions®**, into SCR and RhoA KO cells and
imaged the leading edge for one hour as the cells migrated on aligned fiber mats. We tracked
focal adhesion localization and dynamics over time using the Weka detector within TrackMate,
as previously described*®?. We observed that the collectively migrating SCR cells displayed
stable focal adhesion structures that did not appear to retrograde over time (Figure 3.5H). We
also found that the loss of RhoA resulted in fewer focal adhesions at the leading edge compared
to SCR cells over one hour; however, due to experimental conditions, we were not able to
calculate the number of adhesions compared to cell area (Figure 3.51I). Furthermore, loss of
RhoA resulted in shorter focal adhesion lifetime compared to SCR cells (Figure 3.5J). We also
found that, compared to SCR cells, RhoA KO cells had smaller focal adhesions (Figure 3.5K),

although the ellipse aspect ratio remained unchanged (Figure 3.5L). Together, we show that,

similar to other reports*>’>*®, RhoA is necessary for proper focal adhesion maturation.

3.3.8 Collectively migrating RhoA KO cells display altered adherens junctions and

desmosomes

RhoA is well-known to influence cell-cell junction formation and stability in epithelial
cells?®>2%, We therefore hypothesized that the diminished contact guidance response of RhoA
KO cells is partially due to defective cell-cell adhesions. AJs are mechanosensitive multi-protein
complexes that link the actin cytoskeleton between neighboring epithelial cells and are important

in collective epithelial migration!!®?7. Therefore, we first examined changes to E-cadherin, a

56



well-characterized AJ protein, in cells that migrated for 48 hours on fibers. It has been previously
shown that loss of RhoA results in a decrease in E-cadherin membrane localization?>?%8, likely
because active RhoA is known to stabilize E-cadherin at AJs and thus promote coordinated
collective cell migration?%%261:2%° Indeed, we observed frequent gaps between cells within the
RhoA KO migrating sheet, indicating defects in cell-cell adhesion and sheet formation (Figure
3.2F-H). Surprisingly, however, using immunostaining, we observed that the loss of RhoA
results in a dramatic increase in E-cadherin localization to cell-cell junctions at the leading edge
(Figure 3.6Ai&Aii).

The unexpected increase in E-cadherin localization in RhoA KO cells migrating on
aligned fiber mats led us to ask whether other cell-cell junctions were affected. Therefore, we
next investigated changes in desmosomes, a type of cell-cell adhesion that connects the
intermediate filament cytoskeleton of neighboring cells. It has been demonstrated that AJs and
desmosomes interact to maintain epithelial integrity''*. In fact, E-cadherin has been shown to
localize to desmosomes and promote desmosome assembly*?*?2, Thus, we assessed changes in
desmosome formation by immunostaining for Desmoplakin, a component of desmosomes!*’. As
expected for epithelial cells, we found that Desmoplakin localized to cell-cell junctions in
distinct punctate in migrating SCR cells. However, we observed that RhoA KO cells displayed a
dramatic decrease in the intensity of Desmoplakin punctate at cell-cell adhesions (Figure
3.6Bi&Bii). Furthermore, inhibition of ROCK activity using Y-27632 gave rise to similar

findings, although the decrease in Desmoplakin punctate staining was less dramatic than what we
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Figure 3.6 Migrating RhoA KO cells display altered adherens junctions and desmosomes.

(A1) Representative immunofluorescence image of SCR and RhoA KO cells migrating on DexVS aligned fibers labeled with
rhodamine methacrylate (magenta) and stained with E-cadherin (white) and Hoechst 33342 (yellow). Aligned fibers are
oriented in +90° and -90° direction. Scale bar is 10pum. Insert scale bar is Sum. (Aii) Quantification of the relative intensity of
E-cadherin immunofluorescence across a 6 pum line scan. (Bi) Representative immunofluorescence image of SCR and RhoA
KO cells migrating on DexVS aligned fibers labeled with rhodamine methacrylate (magenta) and stained with Desmoplakin
(white) and Hoechst 33342 (yellow). Scale bar is 10um. Insert scale bar is Sum. (Bii) Quantification of the relative intensity
of Desmoplakin immunofluorescence across a 6 um line scan. (Ci) Representative immunofluorescence image of M4 WT
cells treated with 10uM Y-27632 or vehicle control migrating on DexVS aligned fibers labeled with rhodamine methacrylate
(magenta) and stained with Desmoplakin (white) and Hoechst 33342 (yellow). Scale bar is 10pum. Insert scale bar is Sum.
(Cii) Quantification of the relative intensity of Desmoplakin immunofluorescence across a 6 pm line scan. (D, I) Western blot
analysis of whole-cell lysates harvested from SCR and RhoA KO cells. (E-H, J) Quantification of western blot results of three
biological replicates. **P< 0.01, ns =not significant (unpaired t-test: E-H, J).

58



observed in the RhoA KO cells (Figure 3.6Ci&6Cii). These findings provide evidence that
changes in desmosomes in RhoA KO cells are dependent on ROCK activity.

To determine if changes in protein localization were due to alterations in total protein
levels, we performed western blot analysis of E-cadherin, -catenin, and Desmoplakin. We
additionally probed for p120 catenin, a central player in AJ stability, which has a well-
established relationship with RhoA at AJs*®%_ We measured no significant changes in steady-
state protein levels for E-cadherin, B-catenin, p120 catenin, and Desmoplakin (Figure 3.6D-H),
indicating that loss of RhoA is altering E-cadherin and Desmoplakin localization to cell-cell
adhesion, and not altering global protein expression.

It has been demonstrated that protein kinase C a (PKC-a) regulates both desmosome

306307 and disassembly®?®2% through phosphorylation of desmosomal components. In

formation
fact, it has been shown that PKC-a phosphorylates the C-terminal tail of Desmoplakin leading to
destabilization of desmosomes>'°. Therefore, we next investigated whether total and active
phosphorylated PKC-a levels change in RhoA KO cells. We found that, while total levels of
PKC-a protein are identical in SCR and RhoA KO cells, the levels of phospho- PKC-a increase
in RhoA KO cells compared to SCR cells (Figure 3.61&1J). These findings suggest that the loss
of Rho/ROCK signaling leads to increased PKC-a activity which could in turn destabilize

desmosomes. Together, our findings demonstrate that RhoA is crucial for the proper formation

of both AJs and desmosomes in migrating epithelial cells.
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Figure 3.7 Schematic representation of how the genetic loss of RhoA affects contact guidance during collective cell
migration.

3.4 Discussion

The purpose of this study was to determine whether RhoA signaling controls contact
guidance during collective cell migration in breast cancer cells. It has been demonstrated that
RhoA plays a critical role in directed cell migration, largely due to its regulation of actomyosin
contractility which is necessary for proper force generation’®. While several studies have

suggested that inhibition of RhoA reduces directional migration®!!-12

, other studies reported that
loss of RhoA results in greater directional persistence®'>!* or has no effect®'>!6, Further, it has
been demonstrated that focal adhesions are critical for proper directed cell migration®® and

contact guidance fidelity>>~>°

, and RhoA activity has been shown to be critical for focal adhesion
stability?>72%8317 Using aligned electrospun fibers as a contact guidance cue, we studied the role
of RhoA in contact guidance in collective and single cell migration. We showed that

RhoA/ROCK signaling is involved in mediating contact guidance during collective cell

migration, though RhoA is dispensable for contact guidance in single cells. Moreover, we
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discovered that disruption of both cell-matrix and cell-cell interactions are involved in the loss of
contact guidance (Figure 3.7).

Much of the work studying contact guidance has been done using single cells, though
collective cell migration is a primary mode of invasion in vivo'*"1%2% In our study, we
investigated the role of RhoA in contact guidance during both collective and single cell
migration. Interestingly, we found that RhoA is crucial for collective contact guidance, while it is
dispensable for contact guidance in single cells. Interestingly, we discovered that focal adhesions
in RhoA KO single cells were larger and more elongated than SCR single cells, while focal
adhesions in RhoA KO collectively migrating cells did not show any change in size or
elongation compared to SCR cells. The differences we observed in focal adhesions between
single and collectively migrating cells is likely due to crosstalk between AJs and focal
adhesions'®32°, In fact, classical cadherins, found at AJs, have been shown to be crucial for
focal adhesion positioning and cell polarization ultimately directing directional migration®?!-323,
Therefore, the influence of intercellular junctions may influence focal adhesion elongation and
size, thereby leading to different focal adhesion patterns in single and collectively migrating
cells.

We found that loss of RhoA results in shorter focal adhesion lifetimes in collectively
migrating cells, which is consistent with previous findings during single cell migration®”-?>%, It
has been demonstrated that early adhesions are more dependent on Rac1 activity than
RhoA3?*32° while mature focal adhesion formation requires high RhoA and lower Rac1
activity®>312326328 ' A[so, it has been shown that diminished RhoA signaling causes a decrease in

329-333

the number of focal adhesions , while elevated levels of RhoA can lead to greater focal

adhesion size and stability>**. The shorter focal adhesion lifetimes we observe may be due to
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reduced activity of mDia, a downstream effector of RhoA, since it has been reported that loss of
mDia impairs directed single and collective migration through the inhibition of adhesion
turnover and polarization®*33%336_ Alternatively, it has been proposed that ROCK-induced
myosin activity is critical for adhesion maturation?®*3¢, The loss of RhoA, and the subsequent
decrease in cellular contractility, may result in insufficient tension generation required for mature
focal adhesion formation and stability. Future studies are necessary to determine whether mDia
or ROCK signaling is responsible for the changes in focal adhesion lifetime we observe in our
system.

Collective cell migration also depends on cell-cell cooperation which is primarily
achieved through cell junctions such as AJs**7. Active RhoA has been shown to be localize AJs

298,338

during epithelial migration where it promotes the formation of AJs and increases E-

cadherin stability?¢!2%-33%340 In fact, RhoA at AJs has been shown to promote orderly
migration®! and be crucial for the preservation of epithelial integrity during migration®*!. We
found that the loss of RhoA increases the localization of the AJ protein E-cadherin to cell
junctions which is counter to what has been shown, though we observed that RhoA KO results in

fractures at cell junctions and disordered migration which aligns with previous literature.

342

Interestingly, inhibition of ROCK1/2 has been shown to both promote AJ stability”*~ as well as

disrupt AJ assembly?%4343-344  Additionally, mDia activation by Rho is known to be important for

345,346 347

Al integrity and epithelial polarity”*’. Therefore, future studies will investigate which

downstream effectors of Rho are responsible for these changes in Als.
Crosstalk between AJs and desmosomes has long been established as E-cadherin is well-
known to localize to desmosomal plaques®°*343-3 In fact, E-cadherin-mediated adhesion

351

regulates the organization of desmosomal adhesions’”". We found that the increase in E-cadherin
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localization to the membrane following RhoA ablation occurred concomitantly with a decrease
in desmosomal plaques at cell junctions. Additionally, we found that inhibition of ROCK1/2
activity resulted in a decrease in desmosomal plaques, though the decrease was not as dramatic
as that resulting from the genetic deletion of RhoA. Not much is known about the relationship
between RhoA and desmosomes. It has been reported that depletion of plakophilin 2, a
desmosomal protein, results in a failure of activated RhoA to localize to cell-cell junctions>2.
Additionally, it has been demonstrated that Desmoplakin is required for tension-activated RhoA
signaling at AJs*>}. Based on our findings, we hypothesize that junctional tension within the
migrating cell sheet is not properly sensed due to the loss of RhoA, thus leading to the fracturing
of epithelial junctions. In an effort to restore epithelial integrity, more E-cadherin is then
recruited to the junctions which ultimately leads to a disruption in desmosome formation. It
remains to be determined how the loss of RhoA affects other intercellular junctions in our system
and whether this response is dependent on migration-induced tension.

Much remains to be determined about the mechanisms by which RhoA regulates contact
guidance during collective cell migration. Others have shown that loss of RhoA activity results
in drastic changes to other Rho GTPases, notably Rac1?3*, RhoB?3!!*333% and RhoC3%-%7,
Despite their high homology, Rho family GTPases often have unique cellular functions and
intricate temporal and spatial coordination during cell migration on flat surfaces!%!168:358,
Notably, it has been demonstrated that the depletion of RhoB, a Rho isoform, results in
decreased directional persistence and focal adhesion lifetime on flat surfaces®>, and drives E-
cadherin internalization from cell-cell junctions**°. These studies highlight the potential
overlapping roles of RhoA and RhoB isoforms in regulating contact guidance. Future studies will

determine whether other Rho GTPases are essential for contact guidance, and how the genetic

63



knockout of RhoA affects the balance of Rho signaling in our system. Additionally, while we
demonstrate that RhoA/ROCK signaling is crucial for proper collective contact guidance, we
have yet to dissect the other key players responsible for this phenotype. While the genetic loss of
RhoA resulted in much greater junctional fracturing compared to inhibition of ROCK1/2, both
strategies decreased contact guidance in collective cell migration. Therefore, it is likely that
another downstream effector, such as mDia, is acting to preserve epithelial integrity through the
regulation of cell junctions.

In conclusion, our findings complement the previously established role of RhoA in cell
migration, while establishing that RhoA/ROCK signaling directs contact guidance during
collective migration through the dual regulation of focal adhesions as well as cell-cell adhesions.
Future studies will aim to understand the role of other Rho GTPases in collective contact
guidance as well as establishing the role of other Rho-activated kinases in this process. Taken
together, our study furthers the understanding of how Rho GTPase-mediated signaling pathways

contribute to directed collective cell migration.
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3.5 Supplementary Materials
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Figure S3.1 Graphic explanation of methods used in this chapter.

(A) Cartoon depicting the method used to generate fibers. Dextran is reacted with vinyl sulfone to create DexVS, which then is
mixed with LAP and electrospun to create fiber mats on coverslips. (B) Graphic explanation of spheroid migration assay setup on
Dex VS fiber mats. (C) Cartoon of trajectory orientation index (TOI) calculation based on fiber direction.
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Figure S3.2 RhoA depletion leads to reduced number of focal adhesions per cell during individual contact
guidance.

(A) Representative immunofluorescence image of SCR and RhoA KO single cells migrating on DexVS aligned fibers
labeled with rhodamine methacrylate (magenta) and stained with phospho-Paxillin-Tyr118 (white) and Hoechst 33342
(yellow). Scale bar is 10 pm. (B) Average number of focal adhesions per cell after migration on fiber mats. (C)
Average number of focal adhesions over cell area after migration on fiber mats. (D) Average area of focal adhesions.
Each point represents one cell. (E) Ellipse aspect ratio of focal adhesions. Each point represents one cell. ¥**P< 0.01,
*P< 0.05, ns =not significant (unpaired t-test: B-E).

3.6 Methods

3.6.1 Dextran Vinyl Sulfone (DexVS) Synthesis

As previously published®*¢, 5 g of high molecular weight (86 kDa) dextran (Sigma) was
dissolved into 250 ml of 100 mM sodium hydroxide and the solution was stirred at 250 RPM for
10 min. Stir plate was increased to 500 RPM, and 12.5 mL of divinyl sulfone was added to the

reaction for 3.5 min. The reaction was terminated by adding 2.5 mL of 12M hydrogen chloride
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slowly to the solution. The solution was dialyzed against Milli-Q water for 3 days and water was
changed every 12 h. Dex VS was aliquoted into 50 ml conical tubes and frozen for 1 h at -80°C.

The aliquots were lyophilized at -86°C and 0.040 mBar for 72 h and stored at -30°C until use.

3.6.2 DexV'S Fiber Fabrication

Lyophilized DexVS was dissolved at 0.6 g/mL in 1:1 dimethylformamide (DMF)/MQ
with 10 mg/mL lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP, Colorado
Photopolymer Solutions), 0.75 mM methacryloxyethyl thiocarbamoyl rhodamine B
(Polysciences, Inc.), and 5% glycidyl methacrylate on a stir plate at ~100 rpm for 4 h.

DexVS spinning solution was drawn into a ImL syringe attached to a bent 305 mm 18G stainless
steel needle. The syringe was attached to a syringe pump (KD Scientific) set at 0.2 mL/h and
placed into a humidity-controlled glove box (30-35% relative humidity). To create random fiber
mats, a coverslip was set on a grounded copper collective surface centered 7 cm from the tip of
the needle. The needle was connected to a high-voltage source (Gamma High Voltage Research)
set at -7 kV. For aligned fiber mats, the coverslip was balanced between two copper plates set at
+4 kV while the needle was set to -4 kV. Fibers were spun for 3 min per coverslip. Fiber-coated
coverslips were primary crosslinked for 20 s under UV light at 100mW/cm?. Coverslips were
glued into a cut 12 well plate. Coverslips were then hydrated by the addition 80 puL of 2.5 w/v%
heparin methacrylate diluted in 1 mg/mL LAP and exposed to 100mW/cm? UV light for 20 s.

Coverslips were stored in DPBS for up to 3 days at room temperature (RT) before use.

3.6.3 Cell Culture

Epithelial cell lines MCF10AT (M2) and MCF10CA1la (M4) from the MCF10A cell

series (Barbara Ann Karmanos Cancer Institute, Detroit, MI) were cultured in DMEM/F12
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(Gibco) supplemented with 5% heat-inactivated horse serum (Gibco). Cells were cultured at 5%
CO2 and 37°C in humidified incubators. The media for M2 cells was also supplemented with 10
pug/mL insulin (Invitrogen), 10 ng/mL EGF (Peprotech), 0.5 ug/mL hydrocortisone (Sigma
Aldrich), and 100 ng/mL cholera toxin (Sigma Aldrich). MDA-MB-231 cells were cultured in
DMEM/high glucose (Gibco) supplemented with 10% fetal bovine serum (Gibco). BT-474 cells
were cultured in RPMI (Gibco) supplemented with 10% fetal bovine serum. All cell lines were
tested for mycoplasma contamination using the Mycoalert detection kit (Lonza).

RhoA KO was performed using CRISPR/Cas9 as previously described?’®. Briefly, the target
sequence 5'-GAACTATGTGGCAGATA TCG-3' was cloned into LentiCRISPRv2. Lentiviral
particles were produced using HEK293T cells and a pPACKH]1 kit (System Biosciences) per the
manufacturer's instructions. After infection, M4 cells were selected using 2.5 pg/mL puromycin,
cloned, and confirmed using western blot. Stably infected cells were maintained in puromycin
(2.5 pg/mL).

Paxillin-pEGFP was a gift from Rick Horwitz (Addgene plasmid #15233). pcDNA3-
EGFP-RhoA-wt was a gift from Gary Bokoch (Addgene plasmid # 12965). Paxillin-pEGFP and
EGFP-RhoA sequences were subcloned into pPBABE hygromycin backbone. pPBABE-hygro was
a gift from Hartmut Land & Jay Morgenstern & Bob Weinberg (Addgene plasmid # 1765). To
generate M4 CRISPR SCR and M4 RhoA KO cells stably expressing paxillin-eGFP and M4
RhoA KO cells expressing eGFP-RhoA, Phoenix (human kidney epithelial) cells were
transfected with the plasmid with Lipofectamine™ 3000 Reagent (Fisher Scientific) according to
manufacturer’s protocol. 48 h after transfection, cell culture media containing retroviral particles
was collected, filtered through a 0.45 pm polyethersulfone (PES) membrane filter, and

concentrated overnight. Cells were then infected with concentrated virus for 48 h. Cells were
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selected and maintained using 200 ug/mL hygromycin. eGFP-RhoA rescue was confirmed using
western blot.

Spheroids were formed by culturing cells in a low-adhesion plate. Briefly, 96 well v-
bottom plates were coated with 100 ul of 1.2% 2-hydroxyethylmethylmethacrylate (polyHEMA,
Sigma) diluted in 95% ethanol. Ethanol was allowed to evaporate for 3 days in a 37°C oven.
Before plating cells, wells were washed twice with 200 ul of DPBS. Cells were diluted to 12,500
cells/mL and 80 pl of cell suspension was seeded into each well of a 96 well plate. Spheroids
were grown for 6 days at 37°C and 5% COx. Spheroids were then collected and plated onto fiber

mats as described below.

3.6.4 Migration Assays and Time-Lapse Imaging

Prior to seeding, fiber mats were sterilized with 70% ethanol for 10 min at RT. Fibers
were then coated with 100 pg/mL bovine collagen I (Advanced BioMatrix #5005) diluted in
water for 1 h at 37°C. For the spheroid migration assay, spheroids were collected and stained
with 0.8 pg/mL Hoechst 333482 (Invitrogen #H21492) for 10 min at 37°C. Roughly 4-6
spheroids were plated into each well and allowed to adhere for 2 h at 37°C. For single cell
migration assays, cells were grown to 70% confluency, trypsinized, and resuspended at 12,000
cells/mL in full media. ImL of cells were plated per well and allowed to adhere for 3 h. For
pharmacological studies, 10 uM Y-27632 (Tocris) was supplemented to media 2 h after spheroid
seeding and refreshed after 24 h.

Cells were imaged using a Zeiss Axio Observer Z.1 LED epifluorescence microscope
equipped with an automated stage and environmental chamber that maintains temperature (37°C)
and CO; (5%) levels. Phase-contrast images were taken every 10 min and fluorescence images

were acquired every 30 min for 20 h. Fluorescent fiber mats were imaged at the first timepoint.
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For live cell paxillin-eGFP imaging, spheroids were seeded onto fiber mats as described above.
Spheroids were allowed to adhere and migrate overnight at 37°C and 5% CO.. Cells were then
imaged with a Zeiss LSM 880 laser-scanning confocal microscope equipped with an
environment chamber that maintains temperature (37°C) and CO; (5%) levels. Fluorescent
images of the rhodamine fibers and paxillin-eGFP were acquired every 3 min using an oil-

immersion, 63X objective.

3.6.5 Quantitative Analysis of Cell Migration

Time-lapse images were post-processed in ImagelJ, and nuclei were tracked using the
TrackMate plugin in ImageJ**°. Tracking data was then imported into MATLAB for further
analysis. Cells that traveled less than 5 frames or less than 20 um from starting position to final
position were filtered out. Accumulated distance was determined by calculating the nuclear
displacement between two frames

d =V(x; — x)%* + (y2 — y1)*
Cell speed was then determined by dividing accumulated distance over total time traveled. The
direction of motion (0) for each cell was determined by calculating the angle between the initial
and final location of the cell. Trajectory orientation index was calculated to quantify cell

t55

trajectories along fiber alignment™ as defined by

0 [in degrees]
0l = — -1
45

where a value of 0 denotes a randomly migrating cell trajectory and 1 denotes a perfectly linear
cell trajectory along the fiber orientation.
To quantify the number of single cells which broke off from the migrating sheet, the k-nearest

241

neighbors algorithm™" was utilized which identifies a single cell based on its distance to any
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other cell within the frame. A cell was classified as a single cell if it was at least 50 pm away

from any other cell within the frame.

3.6.6 Western Blotting Analysis

Western blotting was used to assess E-cadherin, B-catenin, p120-catenin (catenin 6-1),
and Desmoplakin protein levels. To prepare samples, cells were plated into 6 well glass bottom
plates coated with 100 pg/mL collagen I and grown for 48 h to 80% confluence. Cells were
placed on ice and washed once with ice-cold DPBS. Cells were then lysed in RIPA buffer (G
Biosciences) containing 1X phosSTOP phosphatase inhibitors (Roche) and cOmplete protease
inhibitor cocktail (Roche) for 10 min on ice with gently agitation. Cells were spun at 13,200
RPM for 15 min at 4°C, supernatant was collected, and stored at -80°C until use. Lysates were
diluted in 1X Laemmeli sample buffer (Bio-Rad) and boiled at 95°C for 10 min. 10 pg of protein
was loaded per lane and resolved by 4-20% SDS-PAGE. Samples were transferred onto PDVF
membranes (Millipore) and blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich
A9576) for 1 h at RT. Membranes were probed overnight with primary antibodies against: E-
cadherin (Cell Signaling Technology, #3195, dilution 1:1,000), B-catenin (Cell Signaling
Technology #9582, 1:1000), catenin 3-1 (Cell Signaling Technology, #4989, dilution 1:1000),
Desmoplakin 1&2 (Sigma-Aldrich, #CBL173, dilution: 1:1000), and a-tubulin-HRP
(Proteintech, HRP-66031, dilution: 1:10,000). Primary antibodies were diluted in blocking
buffer. Bands were visualized using HRP-conjugated secondary antibodies (Jackson
ImmunoResearch, dilution 1:10,000), SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific), and a C600 digital imaging system (Azure). Band

integrated density was measured using Imagel.

3.6.7 RhoA GTPase activation assay
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RhoA activation was accessed using the Rho Activation Assay Biochem Kit
(Cytoskeleton #BK036) according to manufacturer’s instructions. Briefly, 12mL of M2, M4, BT-
474, or MDA-MDA-231 cells were plated into 15 cm? dishes at 1.5 x 10%, 1.0 x 10%, 12.0 x 10%,
and 3.5 x 10* cells/mL, respectively. Seeding densities were determined based on growth rate.
Cells were grown in full serum media for 48 h, and then serum starved for 48 h. For serum
starvation, M2, M4, and MDA-MDA-231 cells were cultured without serum (0%), while BT-474
cells were cultured in reduced serum media (1% FBS) to prevent cell death. Our lab previously

optimized serum starvation conditions for each cell line’

. On day 4, all cell lines were at 20-
30% confluence to increase RhoA activation response. Serum is a potent RhoA activator and was
used to activate RhoA in our system?7*!, Cells were treated with full serum for 12 min, washed
once with ice-cold DPBS, and lysed on ice using cell lysis buffer (Cytoskeleton, #CLBO01) with
1X protease inhibitor cocktail (Cytoskeleton, #PIC02). Lysates were scrapped, spun at 10,000 g
for 1 min at 4°C and snap frozen in liquid nitrogen. As controls, 0.8 ug/uLL M2 unstimulated
lysates were loaded with either GDP or GTPyS (non-hydrolysable GTP analog) for 15 min
rotating at RT before pulldown. 700 ug of cell lysate were mixed with 50 pg of Rhotekin-RBD
beads (Cytoskeleton, #RT02) and rotated at 4°C for 1 h. Lysates were spun at 4°C for 1 min at
5,000 RCF and washed with Wash Buffer. Then, lysates were spun again at 5,000 RCF for 3 min
at 4°C and supernatant was removed and discarded. 20 ul of Laemelli buffer (Fisher Scientific
#AAJ61337AD) was added to bead pellet and samples were boiled for 2 min at 95°C. Pulldown
and whole-cell lysates were resolved using 4-12% SDS-PAGE. Samples were transferred onto a
0.2 um PDVF membrane (Millipore) and let dry for 20 min at RT. Membranes were rehydrated

in methanol and blocked using 5% non-fat dry milk for 30 min. Membranes were probed

overnight at 4°C with anti-RhoA antibody (Cytoskeleton #ARHOS5, dilution: 1:500). Bands were
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visualized using HRP-conjugated secondary antibodies (dilution 1:10,000, Jackson
ImmunoResearch), SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo
Fisher Scientific), and a C600 digital imaging system (Azure). Band integrated density was

measured using ImageJ.

3.6.8 Immunofluorescence staining

For analysis of protein localization and actin morphology, spheroids were fixed after 48 h
of migration on fiber mats. Cells were washed with DPBS twice and fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) for 10 min at 37°C. Once fixed, cells were
washed three times with DPBS and permeabilized with 0.1% Triton X-100 (Fisher Scientific) for
15 min at RT. Cells were blocked in 4% BSA diluted in PBSt (DPBS + 0.1% Tween-20) for 1 h
at RT. Cells were probed overnight at 4°C with primary antibodies against: E-cadherin (Cell
Signaling Technology #3195, dilution 1:500), B-catenin (Cell Signaling Technology #9582,
dilution: 1:400), Desmoplakin 1&2 (Sigma-Aldrich #CBL173, dilution: 1:200), phospho-Paxillin
[Y118] (Cell Signaling Technology #2541, dilution: 1:250). Primary antibodies were diluted in
1% BSA:PBSt. Cells were stained with fluorescent secondary antibody (Invitrogen #A-21240,
dilution: 1:1,000) diluted in 0.1% BSA:PBSt for 45 min at RT. For F-actin staining, cells were
labeled with phalloidin-647 (Invitrogen #A22287, dilution: 1:200) for 45 min at RT. Cells were
imaged using either a 40X water or 63X oil objective lens on a Zeiss LSM880 confocal
microscope in Airyscan mode.

To quantify the number of gaps between cells at the leading edge, we manually counted
the number of gaps for each field of view that had a diameter greater than 5 pm. Analysis of cell

aspect ratio was done in ImageJ based on phalloidin and nuclear staining. To measure focal
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adhesions based on phospho-paxillin immunofluorescence images, we used the TrackMate-Weka
ImageJ plugin®%?.
A line-scan analysis was performed in ImageJ to measure the relative intensity of E-cadherin and

Desmoplakin immunofluorescence stains across cell-cell junctions.

3.6.9 Statistical Analysis

GraphPad Prism and MATLAB were used for data visualization, and Graphpad Prism
was used to conduct statistical analysis. Statistical significance was determined using one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons test or unpaired t-test where
appropriate. The tests and size of samples are described in the respective figure legends.

Significance is indicated by p < 0.05.
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3.7 Appendix for Chapter 3
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Figure S3.3 Migration metrics for collectively migrating breast epithelial cell lines on glass, random fiber mats, or

aligned fiber mats.

(A) The number of single cells detached from the cell sheet over 22 hours on glass (left), random fiber mats (center), and

aligned fibers (right). (B) Average speed of cells on glass, random fiber mats, and aligned fiber mats. Each point represents
one cell. Middle solid line is the median value. (C) Graphs depicting the frequency of directional migration on aligned fiber
mats. The different colors represent cell speeds that were binned as depicted.
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Chapter 4 Conclusions and Future Directions

4.1 Summary

4.1.1 Quantification of collective cell migration on complex surfaces

Collective cell migration occurs during many essential physiological processes, such as
embryogenesis, wound healing, and cancer invasion **!°%!3  In the second chapter of this
dissertation, we developed a versatile approach for studying the dynamics of collective cell
migration by quantifying spheroid migration on electrospun, fibrous 2D surfaces?®>. We first
described how to create electrospun fibers made of dextran vinyl sulfone (DexVS), which was
originally published in Davidson et al**®, We detailed how we create spheroids for the collective
cell migration assay and how we coat fibers with collagen I to facilitate cell adhesion. To
quantify migration behavior, we established an automated method for tracking nuclear location

239 and a custom

over time using fluorescent live cell imaging, an ImageJ plugin TrackMate
MATLAB code. Then, by manipulating electrospinning parameters to adjust fiber alignment, we
examined how different fiber networks influence collective cell migration behaviors. To
demonstrate the capabilities of our system, we quantified the migration dynamics of MDA-MB-
231 spheroids on either glass coverslips or fiber mats composed of aligned or random synthetic
fibers functionalized for cell adhesion. Our system allows for quantification of migration angle,
accumulated distance, Euclidean distance, mean speed, instantaneous speed, and frequency of

directional migration based on speed. Additionally, we showed how to measure the dispersal of

single cells from the collectively migrating cell sheet based on distance between nuclei using the
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k-nearest neighbor (KNN) algorithm. We not only identified the number of single cells that
broke off the cell sheet over time, but we also demonstrated how to calculate the speed and
directionality between single cells and cells migrating collectively. Finally, we showed how to
observe protein localization and expression changes that occur after cells migrate on the fiber
mats. This method expands upon previous systems for studying cell migration, enabling users to
gain a comprehensive understanding of how cells migrate on fibrous topographies as well as
allowing for the investigation of molecular changes that occur as cells encounter and migrate on
these surfaces. Ongoing investigations aim to determine the feasibility of using this method to

study the migration behavior in 3D hydrogels?*2%.

4.1.2 The role of RhoA during collective contact guidance

In the third chapter of this dissertation, I examined the role of RhoA GTPase during
collective contact guidance since it is known to regulate cell-cell and cell-substrate
interactions®’2%!, First, we characterized the collective cell migration phenotypes of four
malignant breast epithelial cell lines on aligned and random fiber mats using the methods
established in Chapter 2 of this thesis. We found that the genetic ablation of RhoA resulted in a
significant decrease in the contact guidance ability of collectively migrating cells. Additionally,
cells lacking RhoA displayed fractured junctions and broke off from the cell sheet more
frequently. Since active RhoA signals to a variety of downstream effectors, we then investigated
whether the inhibition of ROCK, a well-known RhoA effector, disrupts collective contact
guidance. We found that inhibition of ROCK also resulted in a decrease in contact guidance,
demonstrating that collective contact guidance is dependent on Rho/ROCK signaling.
Interestingly, ROCK inhibition did not lead to as many individual cells breaking off the cell

sheet, suggesting that other Rho effectors are promoting collectivity. Next, we sought to
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determine whether the loss of contact guidance after RhoA KO was a cell-autonomous trait and
found that in the context of single cell migration, contact guidance was independent of RhoA
signaling. We then investigated whether the loss of collective contact guidance after RhoA KO
was due to altered cell-substrate or cell-cell adhesions. In collectively migrating cells, the loss of
RhoA resulted in a decrease in focal adhesion lifetime. Additionally, we showed that RhoA is
crucial for proper AJs and desmosome formation. Specifically, we found that the loss of RhoA
resulted in a dramatic increase in the localization of E-cadherin and a decrease in desmosomal
plaques at cell membranes. Together, our findings not only support the previously established
role of RhoA in cell migration but demonstrate that RhoA/ROCK signaling regulates collective
contact guidance by controlling focal adhesions as well as cell-cell adhesions. Future studies aim
to assess the role of mDia, another Rho effector, as well as determining whether migration-

induced tension causes junctional fractures in RhoA KO cells.
4.2 Future Directions

4.2.1 Strategies for improvements to spheroid migration assay

In Chapter 2, we demonstrated a new method to assess collective cell migration on
complex, fibrous surfaces which mimic collagen fibers observed in vivo**. While we were able to
quantify several migration metrics for both collective and single cells, additional advances to the
system would allow for more in depth quantification of migration behaviors.

There are several ways we can improve our system to reduce user time and increase the
number of measurable parameters without considerably altering the experimental setup. In our
current workflow, we track nuclear movement over time using TrackMate, a plugin within
Imagel. We then export the raw migration data to calculate bulk migration metrics in MATLAB.

To streamline this process, we could utilize the Image]-MATLAB extension which allows
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Imagel to be run within MATLAB. We could also add quantifications for cell trajectory, sample
variance, and migration persistence to further describe migration phenotypes. Additionally,
machine learning is increasingly becoming an important component of image analysis in order to
quantify changes in cell structures and behaviors more effectively and with less user bias??%362-
364 Using Hoechst staining of nuclei, we could utilize segmentation tools, such as Weka
segmentation?”, to identify nuclear morphology over time. These parameters could further be
correlated to the location within the cell sheet thereby providing valuable information on changes
to nuclear morphology, count and size in leader and follower cells. With the addition of a cell-
membrane dye, we could also utilize machine learning techniques to quantify cell sheet
dynamics such as the number of neighbors each cell has, cell area, and junction edge length.
Additionally, the same membrane dye could be used to identify single cell dispersion more
accurately from the migrating sheet. In our current system, we use distance between nuclei and
the k-nearest neighbor algorithm to identify cells that break away from the group, but detection
of single cells would be more accurate with a cell membrane marker. Together, the addition of

machine learning techniques would allow us to characterize the migration dynamics of migrating

cell groups more thoroughly.

4.2.2 Further studies on the role of RhoA during contact guidance

In Chapter 3 we found that the loss of RhoA resulted in fractured cell junctions and
altered localization of several key cell-cell adhesion proteins. While we demonstrated that RhoA
KO alters both AJs and desmosomes, it would be valuable to dissect the mechanism of how this
occurs. [ hypothesized that the loss of RhoA results in an insufficient detection of junctional
tension within the cell sheet, ultimately leading to breaks within the epithelial junctions. To

restore epithelial integrity, E-cadherin is then recruited to cell-cell adhesions leading to disrupted
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desmosome formation. To test whether tension generated during migration leads to fracturing of
cell junctions, I could grow RhoA KO and SCR cells as confluent monolayers to negate tension
caused by migration. I could then assess changes to E-cadherin and Desmoplakin localization
using immunofluorescence and determine the role of tension generation in our system.
Additionally, it would be valuable to determine if the disruption of AJs cause changes in
desmosomal formation or if altered desmosomes are a direct result of the genetic loss of RhoA. I
hypothesize that the loss of RhoA is leading to disrupted AJ stability or formation which results
in changes in desmosomal formation. To answer this question, I could attempt to rescue the
phenotype by knocking down E-cadherin in RhoA KO cells to assess if decreased expression of
E-cadherin reestablishes cell adhesion homeostasis. Using cells with E-cadherin knockdown in
the RhoA KO background, I could then use our spheroid migration assay to assess contact
guidance ability as well as changes to cell adhesions. These experiments would provide a greater
understanding of the crosstalk between AJs and desmosomes and elucidate how tension during
migration affects cell junction dynamics.

While we showed that RhoA/ROCK activity is important for collective contact guidance,
it would be valuable to investigate whether other RhoA effectors are important for contact
guidance. We found that ROCK inhibition resulted in decrease desmosomal plaques compared to
vehicle control cells, though the response was not as dramatic as the genetic knockout of RhoA.
It would be interesting to investigate the contribution of mDia, a well-established RhoA effector,
in mediating the effect of RhoA. mDia is a member of the formin protein family which regulate
the formation and elongation of actin filaments*®. In fact, Rho/mDia activation has been shown
to be crucial for the integrity of AJs**-%6 and epithelial polarity®*’. SMIFH2, a small molecule

inhibitor of mDia 1 and mDia 2, was identified in 2009, though recent studies provide
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evidence that it may inhibit all 15 formin-family proteins A and have off-target effects**”-*%%, The
redundancy of formin homology domains makes it difficult to targeting a specific formin protein,
therefore mDia knockout would allow us to specifically study the role of mDia in our system.
Since ROCK inhibition only partially mimicked the phenotype observed in RhoA KO cells, I
hypothesize that mDia knockout would also result in decreased desmosomal plaques due to its
known roles in cell junction integrity>*-*6. Based on our data, it seems likely that multiple RhoA
effectors are crucial for epithelial integrity and subsequent collective contact guidance. To
perform these experiments, I would use our spheroid migration assay on aligned fiber mats to
quantify contact guidance followed by immunofluorescence staining to look at changes to E-
cadherin and Desmoplakin. These experiments would establish which downstream effectors of
RhoA are responsible for controlling contact guidance during collective cell migration, therefore
providing a greater understanding of the mechanisms controlling invasive collective migration.

It has been demonstrated that RhoA localizes to intercellular junctions during collective

261.299.369 though the spatiotemporal dynamics of active Rho

epithelial migration on flat substrates
during contact guidance in single or collectively migrating cells have not been studied. To gain a
more holistic understanding of how RhoA regulates contact guidance during collective cell
migration, it would be valuable to identify the spatiotemporal dynamics of Rho signaling during
migration on complex fiber mats. To identify sites of Rho activity on 2D fiber mats, [ would

370371 into the wild

express a Rho location biosensor which identifies active, endogenous Rho
type M4 cell line. Using the assay described in Chapter 2, I would generate spheroids with these
cells and plate them onto aligned fiber mats. Then, I would perform confocal time lapse

microscopy to visualize the spatiotemporal dynamics of active Rho. I would predict that in

addition to localizing to cell junctions, Rho would also localize to points of contact with the
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fibers. These studies would be beneficial by providing a deeper understanding of the dynamics of
Rho activity during contact guidance.

Additionally, in Chapter 3 we found that the loss of RhoA resulted in individual cells
breaking away from the migrating collective cell sheet. In future experiments, it would be
beneficial to investigate whether these individually migrating cells possess an intrinsic
characteristic that enables them to break away from the cell sheet. These studies would

complement the recent work on leader-follower dynamics during collective migration!%6-372,

4.3 Concluding Remarks

In this dissertation, I investigated how contact guidance cues are sensed by breast
epithelial cells during collective cell migration. To quantify collective contact guidance, we
developed an adaptable spheroid migration assay on electrospun fiber mats. Using this system,
we then studied the role of RhoA /ROCK signaling during contact guidance. Future studies will
focus on dissecting the role of RhoA signaling in epithelial junction assembly and stability and
whether other RhoA effectors are important for collective contact guidance.

It has been demonstrated that the migration patterns of cancer cells in vivo are highly
influenced by topographical features of the fibrous ECM?*?°, Using a bioengineered, reductionist
approach, this work demonstrates that Rho GTPase signaling controls contact guidance during
collective breast cancer cell migration. By further elucidating the mechanisms controlling contact
guidance during invasive migration, we envision that our studies will aid in the development of

strategies to prevent cancer dissemination.
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Appendix: Effects of Serum Starvation and Collagen IV Coating on Collective Cell
Migration Behaviors

In preliminary studies, we investigated how serum starvation or migration on different
collagen-coated surfaces affect collective migration behaviors of two invasive breast cancer cell
lines, M4 and MDA-MB-231 cells. We employed either the spheroid migration assay on aligned
fiber mats (as discussed in Chapters 2 and 3 of this dissertation) or a dot drop collective
migration assay as previously described®’*.

Cancer cells within solid tumors often experience severe nutrient deprivation due to
hyperproliferation and poor blood supply>’#=37®. These conditions can lead to oxidative stress
which is known to influence cell division, differentiation, and migration®’’. Therefore, we
investigated how serum deprivation affects contact guidance and collective cell migration of two
breast cancer cell lines, MDA-MB-231 and M4 (as described in Chapter 3). For these
experiments we utilized the spheroid migration assay on aligned, Dex VS fiber mats as discussed
extensively in Chapter 2 of this thesis. Spheroids were plated in full serum media, and after two
hours serum was reduced (1% HS for M4 cells and 1% FBS for MDA-MB-231 cells). We
observed that serum starvation did not influence the contact guidance ability of either cell line
(Figure A.1A&B). Further, we did not observe any apparent differences in the collectivity of the
cell sheets following serum deprivation. It should be noted that while we reduced the serum
concentration from the cell culture medias, we did not completely remove serum since complete
depletion of serum can result in cell death. Therefore, it is possible that the reduction in serum

concentration was not low enough to elicit any migration phenotype. Together, these preliminary
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studies suggest that serum deprivation does not influence the ability of invasive breast cancer
cells lines to sense and respond to contact guidance cues, though more extensive studies are
needed to validate these findings.

A

Aligned Fibers + Full Serum

Aligned Fibers + Reduced Serum

MDA-MB-231

Figure A.1 Effects of serum starvation on contact guidance during collective migration of M4 and MDA-MB-231 cells.

(A) Phase contrast images of migrating breast epithelial cell lines cultured in full serum (5% HS) on aligned fiber mats over 20
hours of migration. Scale bars are 200 um. (B) Phase contrast images of migrating breast epithelial cell lines on aligned fiber
mats over 20 hours of migration after serum starvation (1% serum). Scale bars are 200 pum.

Throughout our studies we have investigated the migration of breast cancer cells on
collagen I coated surfaces, because collagen I is the most prevalent collagen found within
mammary tissue’. In vivo, epithelial cells encounter a diverse range of cell-adhesive ligands

including collagen IV, a crucial component of the basement membrane!. Therefore, in
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Collagen | + Full Serum

Collagen IV + Full Serum

Collagen | + Reduced Serum

Collagen IV + Reduced Serum

Figure A.2 Effects of collagen IV and serum starvation on the collective migration of M4 cells.

(A) Phase contrast images of migrating breast epithelial cell lines cultured in full serum (5% HS) on collagen I coated
glass (100 pg/ml) or collagen IV coated glass (10 pg/ml) over 20 hours of migration. Scale bars are 200 um. (B) Phase
contrast images of migrating breast epithelial cell lines cultured in reduced serum (0.1% HS) on collagen I coated glass
(100 pg/ml) or collagen IV coated glass (10 pg/ml) over 20 hours of migration. Scale bars are 200 pm.

preliminary studies we investigated how interactions with collagen IV affect collective epithelial
cell migration. Additionally, we examined whether stress induced by serum starvation influenced
migration phenotypes on collagen I or IV coated glass. For these experiments, we utilized the dot
drop migration assay and visualized migration over 20 hours using phase-contrast imaging. We

found that M4 cells cultured in full serum media showed cohesive collective cell migration over
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22 hours when migrating on either collagen I or collagen IV (Figure A.2A). We also observed
that migration on collagen IV resulted in greater single cell dispersal from the collectively
migrating sheet. Additionally, we observed that stress induced by reduced serum resulted in
more chaotic migration on either collagen I or collagen IV coated surfaces (Figure A.2B). These
results suggest that stress induced by serum starvation promotes less cohesive collective
migration phenotypes. Further studies will need to be conducted to validate these findings as

well as quantification of migration behaviors using cell tracking.
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