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ABSTRACT

Metastasis is the leading cause of death among cancer patients. The metastatic
cascade, during which cancer cells from the primary tumor reach a distant organ and form
multiple secondary tumors, consists of a series of events starting with cancer asitsnnv
through the surrounding tissue of the primary tumor. Invading cells may perform
proteolytic degradation of the surrounding extracellular matrix (ECM) and directed
migration in order to disseminate through the tissue. Both of the mentioned processes a
profoundlyaffected by several parameters origingffrom the tumor microenvironment
(extrinsic) and tumor cells themselves (intrinsic). However, dukgcomplexity of the
invasion process and heterogeneity of the tumor tissue, the exact effeamypbhthese
parameters are yet to be elucidated.

ECM proteolysis is widely performed by cancer cells to facilitate the invasion
process through the dense and highly ctiovd®d tumor tissue. It has been showwrvivo
that the proteolytic activity of theancer cells correlates with the crdisking level of
their surrounding ECM. Therefore, the first part of this thesis seeks to understand how
ECM crosslinking regulates cancer cells proteolytic activitfhis chapter first
guantitatively characterizebe correlation between ECM crelasking andthe dynamics
of cancer cells proteolytic activity and then identifiesintegrin subunitas a master
regulator of this process

Once cancer cells degrade their immediate ECM, they directionally migrate

throughit. Bundles of aligned collagen fibers and gradients of soluble growth factors are



two well-known cues of directed migration that are abundantly present in tumor tissues
stimulating contact guidance and chemotaaspectively. While such cues direct te#is
towards a specific direction, they are also known to stimulate cell cycle progression.
Moreover, due to theomplexityof thetumortissue, cells may be exposed to both cues
simultaneouslyand this cestimulation may happen ithe same or differentirections.
Hence, in the next two chapters of this thesis, the effect of cell cycle progression and
contact guidancehemotaxis duatue environments on directional migration of invading
cells are assessdeirst, we show that cell cycle progression affects contact guidance and
not random motility of the cells. Next, we show how exposure of cancer ceistact
guidancechemotaxis duatue environments can improve distinctive aspects of cancer
invasion depnding on the spatial conformation of the two cues.

In this dissertation, we strive to achieve the defined milestones by developing novel
mathematical and experimental models of cancer invasion as well as utilizing fluorescent
time-lapse microscopy and auhated image and signal processing technidgues results
of this studyimprove our knowledgeaboutthe role of the studied extrinsic and intrinsic

cues in cancer invasion.
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CHAPTER 1
INTRODUCTION

1.1. Cancer Invasion

Cancer arises from a single cell going through a series of gene mutations resulting
in uncontrolled growth, evasion of apoptosiad induction of angiogenesis. These events
that areknownas the hallmarks of cancer are prerequisites of tumor formation and further,
metastasi$l]. Metastasis, which is responsible for more than 90% of all caalzed
deaths[2], is referred to the dissemation of cancer cells from the primary tumor into
distant organs antthe formation of secondary tumorBigure 1A). One of the early steps
of metastasis is called fAicancer invasion,
primary tumor into thesurrownding tissue (stroma¥hown in Figure 1B [3]. Next,
metastasizing cells reach a blood or lymphatic vessiehvasate intthemand will use

themas carriersto reachdistantorgans.During this process, cancer celtften degrae

Circulating cancer
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Figure 1. Metastasis and cancer invasién. Schematic figure showing the metastasis
cycle starting from cancer invasion, intravasation, extravasarahformation of distant
metastasisB. Cancer invasion includes breaching the basement membrane of the tumor
and migration through the tumstromaltissue Figure is taken with permission frgi3j.
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1.2. Invadopodia

Invadopodig4] are actinrich protrusions grown by cancer cells to focally degrade
their immediate xtracellular matrix via depositing matrix metalloproteases such as MT1
MMP and MMP2 to the extracellular spagggure 2) [5]. In vivostudies have shown that
invadopodia are crucial for both cancer cells intravasation{@jtand extravasation from
[7] blood vesselsin vitro studies have characterized different steps of invadopodia
formation and maturation as well as crucial components of every step. These steps include
precursorassembly, praotision growth, enzyme deliverand protrusin retraction[8]i
[16].

Figure 3 depicts a simplified protetprotein interaction map of the invadopodia
pathway starting withspecific growth factor receptors (e,J=GFR or PDGFR) being
activated by their specific ligand§igure 3A) [8]. Next, the activated growth deor

receptors triggethe formation of the invadopodia precursors by activating Src molecule

Figure 2. Matrix metalloproteases delivery to invadopodia initiates ECM degradation.
degrade extracellular matriimn vitro and in vivo. Fluorescent micrographshowing
colocalization of MTIMMP (M andM g with puncta of gelatin degradatioN @ndN &
Figure is taken with permission frojfy].
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Figure 3. Schematic representation of the maioleculesn the invadopodia pathwa.
Invadopodia precursor formation is triggered by activation of growth factor receptors.
Tks5mediated binding of invadopodia precursor to the cell plasma membrane and
integrirmediated adhesion of the invadopodia core stabilizes the invadopgddia.
Invadopodia protrusion forms by actin polymerization. Lastly, cytosolic calcium
oscillations mediatdelivery of MT:MMP containing vesicles to invadopodia.

resulting intheactivation of Cdc42Twentyseconds after precursor formatjtime adaptor
protein Tks§17] is recruited to the complex and anchors it to the plasma membrane of the
cell (Figure 3B). Next, the adhesion receptor R1 integrin stabilizes the entire membrane
precursor complex by binding it to tl&CM ligands Figure 3B) [18]. At this stepa pH
regulated activation of actisevering protein cofilin, initiates actin polymerization
resuling in the formation of the invadopodia protrusigrigure 3C) [15]. Invadopodia
maturation happens when matrix metalloproteas#aining vesicles are delivered to
invadopodiaThis step isnfluenced bycytosolic calcium spikes such that ith@brogation
halts thedelivery of the enzymeontaining vesicle§igure 3C) [12].

As mentioned above,ne of the crucial components of invadopodia is adhesion
proteins such as integrin R1. The activitytbéseproteinsis shown to be crial for

stabilizing the protrusions by adhering them to the substrate and not letting them retract
3



[8]. Facilitated by such adhesion proteins, invadopodia actively engages theaB@M
their activity ishighly affected by ECM properties such as rigidity, densatyd cross

linking [19]i [21]. Recentin vivo data shows a direct correlation between invadopodia
formation and ECM crosslinking levels of breast tumorfigure 4) [6]. However, a
mechanistic understanding of how such an effect is exerted to invadopodia and what
molecule(s)s responsible for transmitting ECM creksking variation to invadopodia are

yet to be elucidatedlhe cond bapter of this thesis elaborates upon this subject and

strives to answer the questiasovevia in silico andin vitro analy®s.

- N W
o O O
o o o

Relative N
invadopodia

o

0 24 48
Time (hours)

Figure 4. Invadopodiaactivity correlates with ECM crodmking levelin vivo. Bar plot
showingln vivo data suggesting that tumor associated ECM dinkimg level correlates
with the number of invadopodjé]. Brest tumor xenografts in mice treated withilhose
(green) or BAPN (red) would show higher or lower ECM ciladsing levels compared to
thecontrol mice (purple)Figure is taken with permission from [6}

1.3. Cell Migration

Cell migration is a highl}complex and multistep processa which cellsmove
within the tissuesCell migrationis crucial formaintainingtheh u ma n  bomeoygtasis
by contributing to processes such as wound healing, immune surveillance, and bone

regeneration This phenomenoralso contributes to pathological processes including

4



multiple sclerosis, vascular diseas@nd cancer metastasishis process includethe
integration of molecular pathways controlliegll polarization[22], focalized @hesion
dynamicg23], [24], actin polymerization, and actomyosin contrac{@i.

Figure 5 depictsvarious steps of cell migrationith its major molecular players
[26]. In the first steFigure 5B), lamellipodialand filopodialprotrusions form at the cell
leading edgeAt this step Rho family GTPases, including Rac and Cdadiflate actin
nucleation by the Arp2/3 complex and formation of the protrusions. In stegt€ 5C),
integrin moleculegngage wh ECM adhesion ligands and form focal contacts at the tip of
the freshly formed protrusions. Next, integrin clustering recruits several signaling and
adaptor molecules such as FAMlin, and vinculin initiatingthe formation of focal
adhesiong27]. In step 3(Figure 5D), surface proteases are recruited to the-EEIM
contacts cleaving native ECM molecules into smaller fragm@ais In step4 (Figure
5E), A RhoROCK-mediated activation of myosin Il molecules bind to actin filaments and
create contractility forces throughout the entire cell b@&y. In step5 (Figure 5F), the
focal contacts in the tiang edge of the cell disassempdadthe cell translocatetowards
the direction of themew adhesion At this step, severaholeculegriggerthe disassembly
of the focal contacts. For instance, actin binding and severing prateatsas cofilin, cap
actin molecules inhibiting their polymeation and facilitating filament turn over.
Moreover theactivation of cytoplasmic proteases such as calpain cleaves linkages between

focal adhesion components.
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Figure 5. Steps othe sngle-cell migration procesi26]. A. A schematic figure of a single
cell migrating through the tissuB. A schematic representation thie main molecules
controlling protrusion growth (step L. In step 2integrin molecules bind the protrusions
to the ECM adhesion ligandB. In step 3, proteases delivered to the tip of the adhesive
protrusions cleave the ECM fibeks. In step 4, activad myosin Il molecules bind actin
filaments and create contractility forces throughout the entire cell Bodiy.step 5, cell
ECM adhesions at the cell rear are cleaaedthecell can move towards the direction of
the new adhesion&. The legendFigure is taken with permission from Wolf et al [25].



1.4. Directed Migration

While migrating through the tissue, tumor cells are usually exposed to guiding cues,
resulting in directed migration that facilitates persistent navigation through the tissue and
efficient arrival to the lymphatic or blood vessg9]. In most cases, guiding cues are
gradients of biochemical or biophysid¢esueproperties in a particular directi¢®0]. For
instance, gradients of unbound chemical molecules such as Epidermal Growth Factor
(EGF) secreted from blood vessels or twassociated macrophages (TAMs) and
gradients of bound adhesive ligands such as fibronectin (FN) are known to induce
chemotaxis and haptotaxis respectively. Moreover, atomic force microscopy (AFM)
indentation has kealed that the invasive front of most human tumors is the stiffest part of
these tissuef31]. Therefore, there exists a gradual change in the stiffness of the tumor
tissue which can be sensed by the cells and therefore, can guide the cell migration uphill
the stiffness gradient (durotaxig2]. In addition, gradients of pH and oxygen can also

induce directed cell migration thetumor microenvironment.

Contact guidance is referred &3 the directional migration of cells toward the
direction of aligned collagen fibergigure 6A). Perhaps, aligned collagen fibenethe
only cue among all guiding cues that do not include a gradient. Ingteggrovide cells
with an asymmetric topographhat physically enforces the direction of migration by
limiting the availability of adhesn ligands to a particular direction. Bundles of aligned
collagen fibers are abundant in fully grown and-Eteege tumors amareusedby invading

cancer cells asiigration trackg33] to disseminate through the tumor stromal tissue
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Figure 6. Extrinsic and intrinsic cues affect cancevasionA. Contact guithg cancer
cells polarized toward the direction of aligned collagen fibBanel A is taken with
permission fron{29]. B. Phases of the cell cyclPanel Bis taken with permssion from
[34].

1.5. Cell Cycle Progression and Cancer Invasion

The @ll cycle is referred to a sequence of events occurring in a cell in order for its
DNA to bereplicated and the cell to be divided into two daughter cEltpute 6B) [34].
Complete proceeding through the cell cycle is contingent tipmsatisfaction okeveral
checkpoints withirthe cellcycle, making sure that cells would not divide unleggcific
signals stimulate their proliferation. For instance, growth factediated activation of
receptor tyrosine kinases (RTKs) can trigger activation of theigkiling pathway which
can lead into cell cycle progression by activation (inhibition) of certain proteins, whose
activated (inhibited) state is required for progressing through the cell cycle checkpoints
[35]. During carcinogenic transformation, which is referred to the proeceseich a
normal celltransforms ito a cancer cell, cells acquire specific characteristics such as

sustained proliferative signaling and replicative immortalty. Such characteristics



enable cells to efficiently bypass the cell cycle checkpoints and proliferatklyquic

resulting in thdormation of a tumor mass.

During cancer invasion procesdisseminatingcancer cells start engaging their
surrounding environment and directionally migrate through it. While these cells show gene
expression profiles similar to highly proliferative cedigulations, it is not knowwhether
their migration through the tissue is affected by their proliferaidtmhough somen vivo
andin vitro studies have shown that cancer invasion is affected by cell cycle progression
[36]i [41], reported results have been contradicting. In chapter three of this Westigye
to resolve the effect of cell cycle progression on random and directed migration of breast

cancer cells by usinigoth2D and  migration models.
1.6. Directed migration in mukcue environments

The umor microenvironmeris highly heterogeneous. As indicated by tumor tissue
histological data, tumdrssueheterogeneity stems frothe presence of various cell types,
northomogeneous istribution of ECM molecules through the tissue and diffusion of
various chemical growth factors from blood vessels and paracrine spitedoreover,
as outlined in the literatud 3], [44], the variations of several tumor micro@ownmental
properties such as stiffness and chemical growth factacentrations exert a ndinear
effect on invasive behaviors of the cancer cells which adds to the complexity of tumor
invasion. Adirectconsequence of such heterogeneity isdisgeminatingancercells are
less likely to be affected hipne variation of one cue at a timkstead cells are mostly
faced with a multcue environment in which they need to continuouslgpadheir

behaviors depending on spatiotemporal changeseaf thicroenvironment. This issue
9



challenges most dhe currently availablen vitro tumor models in which the hypotheses
are tested in a reductionist approach by exposing cells to variations of one parameter at a
time. These challenges necessitate ingasifig tumor cell invasion in models mimicking

the complexity of the tumor tissue.

Directed migration of cancer cells is a necessary component of caelter
disseminationwhich is stimulated in response to many environmental paramktehss
regardtumor tissue heterogeneity ciaucrease the probability of cadkposure to multiple
cues of directed migration at a time. For instagcadients of variougrowth factors and
aligned collagen fibers are abundantly found in heterogeneous tumor tisstefous
directions. Hence, invading cancer cells mighiten be exposed to both cues
simultaneously. At such conditions, it is not knowhich cue dominatethe directed
migration of the celldn the fourthchapter of this thesige strive to elucidatedw directed
migrationin cancer cellgs affected in contact guidanchemotaxis duatue conditions

by testing both orthogonal and parallel arrangement of the two cues.

1.7. Interdependencin Extracellular Matrix Physical Properties

Both invadopodia activityand cell migration argrofoundly affected by ECM
physical properties such as density, cilogsng level, fiber alignment, stiffnesand pore
size[45]i [49]. In natural ECM proteins, such as collagdre level of theseropertiess
highly interdependentmaking it impossible to decouple the variations of such properties
from each other. For instance, increasing collagen density from 0.5 mg/ml to 4 mg/ml can
result in ehundredfold increase in the elastic modulus of the collagels[50]. Moreover

increasing the collagen concentration and fiber alignment is accomiigraekbcrease in

10



the collagen pore siZé&1]. The crosdinking level of the collagegel is also aressential
determinant of the substrate stiffness and pore size, such that increasing thialkingss

level increases the stiffnegs], [52] and decreases the pore sizéhe collagengels (this
study).This interdependency among collagen properties makes it impossible to decouple
the effect of the variation in the level of such properties on cellular beh@&unerof tke
avenues to tackle this problem is to use composite materials in which addition of another
synthetic or natural material to the collagen gel will be utilized in favor of decoupling the
physical properties of the substrat@r instance, addition of PEG teaules to collagen

gek as a crowding agent resulted in decreasing the pore size of the gels independent of
their bulk and local elastic modul{83]. In another study, interpenetrating networks of
gelatin-methacrylate and collagen wensedto varythe substrat&ensity and stiffness

independently54].

1.8. Aims of This Thesis

This thesis includes the following specific aims:
Specific aim 1: Understanding how ECM crdisking regulates cancer invasion

Aim 1.1: Developing a mathematical model linkimyadopodia activity to ECM
crosslinking and predicting the role of ECM crebsking variations on

invadopodia activity and cancer invasion.
Aim 1.2: Experimentally validating the model predictions.

Aim 1.3: Investigating how ECM crodmking regulatesnvadopodia activity and

cancer cells invasion.

11



Specific aim 2: Assessing cell cycle progression effect on contact guidance

Aim 2.1: Developing a FUCGVIDA-MB-231 cell line. The FUCCI plasmid sets

will allow monitoring of the G1, late G1/early S, and Sf@ases of the cell cycle.

Aim 2.2: Developing 2D and 3D set ups of studying contact guidance. The 2D set
up includes a microfabricated chip made from PDMS and the 3D one includes

magnetic alignment of collagen fibers.

Aim 2.3: Assessing the effect of callcle phase progression on velocity and

directionality of cancer cells.

Specific aim 3: Characterizing cancer cells 3D directed migration in orthogonal and

parallel arrangement of contact guidandeemotaxis duatue conditions.

Aim 3.1: Developing a 3D all migration system allowing for stablishing both
orthogonal and parallel arrangement of contact guidance and chemotaxis

conditions.

Aim 3.2: Characterizing random cell migration and contact guidance in the

developed system.

Aim 3.3: Imaging, quantifyin@gnd analyzing 3D cell migration in the orthogonal
and parallel duatue as well as control (singtele and necue) conditions to assess

the effect of such conditions on directed migration of cancer cells.
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CHAPTER 2
ECM CROSS-LINKING REGULATES IN VADOPODIA DYNAMICS

2.1. Introduction

Invadopodia[4] are dynamic membrane protrusions involved in the invasive
motility of cancer cells. Their function is to degrade the surrounding ECM. In tumors
vivo, they are necessary for cancer cell intravasgbprand extravasatiofi’] from the
blood vesseldn vitro, invasive cancer cells assemble invadopodia when grown on various
ECM components and in the presence of growth factors. Invadopoditheaypearance
of puncta rich in actin, actiregulatory proteins (e.gcortactin),tyrosine kinases and
proteases (g., MT1-MMP). While a large number of the invadopodial components are
found in other motilityrelated structures such as focal adhesions andlipotka, the

unigue feature of invadopodia is the high E@kgrading activy.

Assembly and maturation of an individual invadopodiumeiizeen well studied
[16], [55] using 2Din vitro assays. Invadopodium precursors, consisting of cortactin,
cofilin, and NWASP, are first assemblg8]. The structure is then stabilized via focal
adhesi on pr o-integrimby birglingcthe staucurefiid to the EGM], [56].
During invadopodia maturation, cortactin phosphorylation leads to continuous actin
polymerization and MTAMMP recruitment to the tip of invadopodia via late endosomes
[11]. Transmembrane MFUMMP assures focalized ECM degradation of the surrounding
ECM and invadopodia becomes mature and functional (at ~50 mifgiteBuring ECM
degrading activity, mature invadopodia exhibit SOCE (Stmerated calcium entry)

dependent calcium spikes, which are necessary for-MVIP recycling to the plasma
13



membrane[12]. Mature invadopodia also exgphysical force on ECM, by means of
protrusionretraction cycles, during which actin filaments polymerize (protrusion) and
depolymerize (retraction) repeatedy3]. Physical and proteolytic ECM remodeling by
invadopodia are coordinated via cortactin (de)phosphorylation and positive feedback from

MT1-MMP [14], [15].

The assembly of invadopodiadlevel of ECM degradation were shown to be
linked to the ECM properties such as rigidity, densahd crosdinking [19]i [21]. This
points to the essential role in adheshmsed signaling in the invadopodia progression. A
recent sintagrehyole anfinvalopodia strengthened this link, demonstrating that
b dintegrin is localized to invadopodia and directly links thadttire to ECM56]. While
thee |l i mi n a timtegnm daeg$ notbinhibithe invadopodia precursor assembly, it

disables invadopodia maturation and E@®grading function.

Recent studies of invadopodia in 3M5], [57], [58] and in vivo [6], [59]
demonstrated that invadopodia are present at the front of the cells migrating in MMP
dependent manner. Depending on the ECM parameters including density, fiber size,
stiffness and/or crodsking, such migration can result in a broad range of spee@8 (6
em/ hour f or Db[i5¢ @3, {60]dnavivoctihepresenaee) of invadopodia was
also shown to be highly dependent on ECM ctiodsng [6]. While the studies of 3D and
in vivoinvadopodia established the link between invadopodia and cell matdtris not
known whether cells that assemble invadopodia can translocate the cell body

simultaneously or they move and assemble invadopodia in a sequential manner.

14



We have used iterative cycles of tila@se microscopy and mathematical
modeling towardaddressing the role of invadopodia dynamics and ECM -tirdsag in
invasive cell motility. We found that the dynamics of invadopodia assembly and function
have a normmonotonic (biphasic) relationship to an increase in ECM dinkmg.
Furthermore, weshow that the presence of invadopodia and the migration of cells are
negatively correlated, witthe level of active [3dintegrin controlling the duration of each
of the two states. We de fintegriaincreasesdhe tunaion p ar t
of migration and shortens the period of active ECM degradation by inhibiting invadopodia
activity. Taken together, our results suggest that invadombdian, MMP-dependent
motility consists of oscillations between a) sessile invadopodia assembly |ead@iv
degradation and b) migration. Modulatiorntleéb Jintegrin activity or ECM cros$inking
can be used to reduce or eliminate invadopodia, which are necessary for intravasation and

metastasi§].

2.2. Methods

2.2.1. Cellculture

Mouse breast carcinoma line, CeruleamtactinMTLn3, were a gift from Dr. Ved
Sharma, Albert Einstein College of Mediciitd].Ce | | s we r e-MEMy(Gibbco,r ed i n
Thermofisher Scientific, Waltham, MA) supplemented with 5 % FBS (Gemini Bio
Products, West Sacramento, CA), Penicillin/Streptomycin mixture (Gibco, Thermofisher
Scientific, Waltham, MA) and 0.5 mg/ml G418 (Sigiakirich). CerulearLifeAct-
MDA-MB-231 and CeruleahifeAct-H2B-GFP cell lines were generated using

mCeruleand.ifeAct-7 plasmid, selected with 0.5 mg/ml G418 ovewdek period and
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purified by FACS. mCeruleanBifeAct-7 was a gift from Michael Davidson (Addgene
plasmid #54721). Human cell lines MDMB-231 and HH78T (ATCC, Manassas, VA)
cells were cultured in DMEM (Gibco, Thermofisher Scientific, Waltham, MA)
supplemented with 10% FBS and 1% Penicillin/Streptomycin. Fes#83 cells, 1 mM
Pyruvate (Gibco, Thenofisher Scientific, Waltham, MA) and 0.01 mg/ml Bovine insulin
(SigmaAldrich, St. Louis, MO) were added to the culture media.

2.2.2. Cumulativelegradation of gelatin layer

MTLn3, MDA-MB-231 and Hs578T cells were cultured on getatated plates
(~500 mm thickness) described previoudl§l]. Briefly, acidwashed 35nm MatTek
(MatTek corporation, Ashland, MA) dishes were treated with 50 pg/mi-Pdlysine
(Gibco, Thermofisher Scientific, Waltham, MA) for 20 min followed by incubating with
Alexa 488 dydabelal gelatin (Sigma, St. Louis, MO) for 10 min. Plates were then washed
with PBS (Gibco, Thermofisher Scientific, Waltham, MA) and crosslinked by
glutaraldehyde (GTA, Sigma, St. Louis, MO) on ice for 15 min (from €10%0 % v/v
GTA in water), extensively rged with PBS, quenched with 5 mg/ml sodium borohydride
(SigmaAldrich, St. Louis, MO), and sterilized with 70% ethanol (Decon Laboratories,
King of Prussia, PA).

60,000 cells per dish were plated for 18 hours on 35 mm Mattek. Cells were fixed
with 4% v/vparaformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 15 min
and permeabilized with 0.1% Triton-200 (SigmaAldrich, St. Louis, MO) for 10 min.
Fixed cells were then blocked in 1% BSA (fraction V, Sightdrich, St. Louis, MO) and

1% FBS for 2hours, incubated at 1:100 with agtrtactin antibody (at33333, Abcam,
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Cambridge, UK) for 2 hours, followed by 2 hours incubation with AlEkeor-633 (1:250)
and AlexaFluor-546-Phalloidin (1:250) (Abcam, Cambridge, UK).

Imaging of the invadopodia prexsors and cumulative degradation at 18 h were
performed using an Olympus Fluoview 1200 confocal microscope (Olympus, Tokyo,
Japan) with sequentsechohs/stacdkagi ng of 6 x 1 &em

Invadopodia degradation was assessed by quantifying the area afategraer
cell and the number of invadopodia precursors (colocalization of actin and cortactin) per
cell at each condition in Fi[62]. For area of degradation, thresholding and patrticle size
analysis were performed using Fiji. Experiments were done in triplicates, by imaging >10
fields of view, >100 cells in each sample.

2.23. 3D FITCGDQ collagen | assay

100, 000 MTLNn3 cells were suspended in 1(
mg/ml collagen (Corning, Tewksbury, MA), 50 mM FHKCI, 2.5 mM CaCl2, 1 mM DTT
(SigmaAldrich, St. Louis, MO), 0.15 mg/ml FITOQ collagen | Molecular Probes,
Thermofisher Scientific, Waltham, MA), and transglutaminase 1l (TGIl; R&D Systems,
Minneapolis, MN) at 1:50,00@:800,000 dilution. Similarly to GTA, TGII crosslinks free
amine groups of glutamine and lysine residues of collafft8].I The mixture was pipetted
in a 35mm MatTek dish and incubated at 378 80 min, forming a 650 prthick 3D
cel | cul t ur e-MEMI5%rRBS) wals pipatted intathe(plte. At 0 h and 42 h,

10 image stacks (20 x 5 &em) were <coll ect

microscope (Olympus, Tokyo, Japan) was used, withrdB8aser excitation.

17



3D collagen degradation was assessed by measuring the area positive for DQ
collagen at each condition. Briefly, images captured at 42h were thresholded and Particle
Analysis was used in Fiji to quantify area positive for HDQ collagen fluorescence.
Measured values were subtracted from negative controls treated with GM6001 MMP
inhibitor. All measurements were done in 10 fields of view per sample, with three
biological repeats per condition.

2.2.4. 3Dcollagen pore size measurement

3D cultures embedded in FITOQ collagen | and crodsked to different degrees
were imaged by reflection confocal mi cr os ¢
algorithm in Fiji, filtered using LoG3Dplugn and t hreshol ded agai-r
the bhary image of the pores. Finally, Particle Analysisl was used to measure the size
of the pores.

2.2.5. Crosdinking degree measurement

Measurement of crosslinking degree followed previously published techniques
[63], [64]. Briefly, 0.2% w/v gelatin samples were mixed with 0-8%9% v/v GTA and
incubated on ice for 10 min. Crosslinking was quenched with 5 mg sodium borohydride
for 15 minutes. For collagen, mixture of 1.5 mgtollagen | in PBS, 50 mM THBICI,
2.5 mM CaCl2, 1ImM DTT was crosslinked with 1:0-8800K TGll:collagen at 37°C for
30 minutes.

Uncrosslinked amino groups were neutralized by incubation with of 4% NaHCO3
and 0.5% trinitroben zenesulfonic acid (TNESBgma, St. Louis, MO) for 2 h at 37°C in

the dark. Finally, samples were incubated at 37°C for 1 h with 6 M HCL (Sigma, St. Louis,
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MO). The absorbance was measured at 345 nm using an Infinite M200 pro Tecan plate
reader (Tecan, Mannedorf, Switzerland).

2.2.6. Live cell imaging

Live cell imaging was performed for invadopodia life time, cortactin oscillations,
and calcium spike analysis. In brief, CeruleamtactinMTLNn3 cells were cultured on
Alexa 488 or 546)elatin coated MatTek dishes and incubated itumiconditions for 16
hours. For lifetime analysis and cortactin oscillations, media was changed to L15 with 5%
FBS, 1:100 Oxyfluor (Oxyrase, Mansfield, OH), and 10 mM sodium lactate (Sigma
Aldrich, St. Louis, MO) as reactive oxygen scavengers. Dishes placed in a 37 °C live
cell imaging chamber and time lapse imaging was performed on widefield Olympus IX81
microscope (Olympus, Tokyo, Japan) equipped with LED lamp, Hamamatsu Obita 16
CCD (Hamamatsu, Hamamatsu city, Japan), automatkdt zompenation 1X3-ZDC
(Olympus, Tokyo, Japan), automated Prior stage (Prior Scientific, Rockland, MA) and
environmental chamber. Olympus 60x 1.4 NA, Oil M Plan Apochromat objective was
used.

2.2.7. Measurement @givadopodia stability

Images were captured every ffnutes for >16 hours (1.67 mHz). Invadopodia
lifetimes were measured in Fiji and defined as the time between appearance and
disappearance of cortactin punctae. Punctae present at the first or last frames were not taken
into the account. Invadopodia stalyi ratio was defined as the ratio of the number of

mature invadopodia (those with lifetime > 50 r{8) to the total number of invadopodia.
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2.2.8. Cortactiroscillations in invadopodia core

Images were collected every 30 seconds (83-&) for 4 hours. Oscillations of
cortactin fluorescence were measured only in mature invadopodia (present >50 min). For
inhibiting F-actin polymerization, 4 uM Cytochalasin D (Sigma, St. Louis, MO) was added
to the media prior to imaging. In Fiji we filled individual invadopodia precursors with
Laplacian of Gaussian (LOG 3f55] plugin and tracked the center of the invadopodium
in all frames by SpotTrackd65]. A custom written Fiji plugin was used to measure
average signal inside the invadopodium as well-8x#cular areas inside the cytoplasm
at each particular frame. In MATLAB, Fasbiirier Transform (FFT) was applied to the
time-resolved cortactin signal in invadopodia and the surrounding cytoplasmic regions.
High frequencies from the cytoplasm were removed and the filtered invadopodia signal
was returned to the time domain by InveFET. Finally, MATLAB autocorrelation
function was used to measure the oscillation frequencies in invadopodiere detailed
descriptionof this procedure along with Fiji and MATLAB codes can be found in
Appendix B.

2.2.9. Calciunspikes

After cells wereplated for 16 hours, cells were incubated for 15 minutes at room
temperature in L15, 2.5 mM probenecid (Life Technologies, Frederick, MD), 2.5 uM
Fluo4AM (Life Technologies, Frederick, MD), and 0.02 % Pluronic (Life Technologies,
Frederick, MD)[12]. Cells were then washed twice with PBS and incubated in L15 with
5% FBS for 30 min at 37 C. Time lapse imaging was performed with 5 second intervals

(200 mHz) for 1 hour. Cytoplasmic calcium spikes were measured by mogitor
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intracellular Flue4-AM signal over time. In Fiji, entire cells were used as regions of
interest; signal was corrected for bleaching and background by subtracting the fluorescence
in adjacent inactive cells. Measurements of inactive cells (~70% &f ¢did spikes per
hour) were not taken into accoyh®], [66]. In MATLAB, power spectrum was applied to
the timeresolved signal in the cytoplasm. Dominant frequencies at different conditions
were further compared.

2.2.10. Measurement of the MMMMP delivery evenfrequency

To visualize the delivery of MTMMP delivery event to the plasma membrane,
Hs-578T cells were transiently transfected with MWIMPpHIuorin 24 hours prior to
imaging. Transfection was performed via an electroporation technique, in which 2 pg
plasnid vector was mixed with 1x 106 cells and 50 pL nucleofection solution R (Lonza,
Basel, Switzerland). Nucleofection was then performed on the mixture using program X
001 of a nucleofector device (Lonza, Basel, Switzerland). Transfected cells were then
plated in a glas$hottom plate and 24 hours after plating;r8hute timelapse movies were
captured from the cells using a 488 nm laser. A delivery event was defined as the moment
that MT1:-MMP flashes appear and the rate of delivery was measured as onthever
average of the interval between successive flashes.

2.2.11.b1 integrinblocking assay

The bl ocking of bl integrin activity
antibody (Beckman Coulter) at doses of 0, 0.4, 0.6, and 2 pg/ml to cultures 2 haurs afte
plating the cells. MDAMB-231 cells were plated at a density of 60,000/x cm2 on Alexa

488 gelatincoated dishes and tinl@pse movies were recorded. Displacement of the cells
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over time was measured using Fiji plugin TrackMgg&]. For areaof degradation,
thresholding and particle size analysis were performed using Fiji. Experiments were done
in triplicates, by imaging >10 fields of view, >100 cells in each sample.

2.2.12. Statisticahnalysis

Oneway analysis of variance (ANOVA) statistica anal ysi s with Tuk
comparison postests was performed to compare the 2D and 3D invadopodia degradation
data. Twetailed student's-test was performed for statistical analysis as indicated and
statistical significance was defined as * P 85)** P < 0.01 and *** P < 0.001. Data are

shown as means + SEM.

2.3. Results

2.3.1.Breast cancer cells switch from migration to invadopodetiated ECM

degradation

To determine whether cell migration occurs simultaneously or sequentially with
invadopodia asembly, we acquired tirHapse recordings of >100 cells in each of the two
breast carcinoma cell linédMTLn3 and MDA-MB-231) known to assemble invadopodia
spontaneouslyCells were engineered to stably express fluorescent invadopodia markers
(Cerulearncortactin or Cerwan-LifeAct) and cultured on fluorescent Alexa 4§8latin
(Movie 1, 2. Recordings were scored by trackihgcentroid path over timd-{gure 7A-

C, path) as well as quantifyirtge number of invadopodig=gure 7C, cyan punctae).
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Figure 7. Oscillations between Migration and Invadopodia states in cancer cells and the
role of ECM crossinking: A. The micrograph showing CeruleaartactinMTLn3 cell at

time 0 of theMovie 1. Cell border is highlighted with the green dotted line. Stalr 10

um; B. The same cell at 1000 minutes highlighted in @dSummary ofA andB, with
color-coded path 4000 minutes and cyan punctae representing invadopodia at 1000
minutes. Coloicode legend is shown on the right.& E. Quantification ofMovie 1
(CeruleancortactinMTLN3) and Movie 2 (CerulearnLifeAct-MDA-MB-231)
respectively. Cell speed in um/min (red lines) and number of invadopodia (blue lines) were
recorded over time in representative cells. Raw data (shaded lines), smoothened data
(brightlines); F. Simulation of cancer cell oscillations between invadopodia (blue, relative
abundance I/Imax vs time) and migration (red, relative abundance M/Mmax vs @ne).
Results of the model: Number of invadopetiggration oscillations shows a biphasic
trend to linear changes in ECM crdsking and model fitting parameter hhe figure is

taken with permission from [127].
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At the beginning oMovie 1, the tracked cell migrates relatively fast (>0.3 pum/min
or >18 um/h), Figure 7D). While the cell assebbes several shofiving (<10 min
lifetime) invadopodia precursors, characterized by cortagtiiched punctae, none of
them result in any detectable ECM degradation. Starting at 380 mitheéspeed of the
cell decreases (<0.2 um/min) and the celeagsles mature invadopodia, characterized by
cortactinenriched punctae with >50 min lifetime colocalized with ECM degradation
(Movie 1, red circles anéigure 7D, blue trace). Similar observations were raxifirmed
in MDA-MB-231 cells Movie 2), whereseveral cycles of switching between migration

and mature invadopodia were observieldjfre 7E).

Based on these observations, we defined two oscillating cell states: Migration state,
where cells exhibit speeds >0.3 pm/min and no ECM degradation, and lodaspate,
where cells exhibit punctae rich in cortactin (or actin) colocalized with ECM degradation

and migrate at speeds <0.2 pm/min.

2.3.2. Developing a mathematical model linking the observed invadepodia

migration switches to ECM crodimking level

A previous workin vivo suggested that the balance betwdwmigration andhe
invadopodia is determined by ECM crdsing [6]. Moreover,ECM crosslinking has
been demonstrated to enhance integrin signdied and increase the levels of ECM
degradation by invadopodja0]. Hence, we hypothesized that the fregey of switching
between Invadopodia state and Migration state will be controlled by ECM-loTkisg

and integrindriven ECMcell interactions[43], [46], [60], [68][70]. To develop a
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generalizable prediction, we developed a phenomenological,-dinemsional

mathematical model, based on the following general assumptions:

1. The arerage concentration of growth factor stimuli and intact; non

degraded ECM is assumed to be constant in the system;

2. High ECM concentration and crebsking ratio can create physical

barriers, inhibiting cell migration through the EQNB], [68];

3. ECM degradation rate is assumed to exponentially decrease as ECM

concentration is depleted (exponential decay);

4, The potential of the cell for ECM degradation is assumed to decay

between two cycles of MMP delive[§9];

5. It is assumed that cells migrate in a constant speed in a condition when there

is no physical barrier opposing the cell movement.

The sets of ordinary differential equatiateseloped based on the above mentioned

assumptiongre as fows:

C e 0 0 - o~ s
— U 2020 < 0o O b U Op Qwnu O (1.2)
— U0 Op Qwnu 0O VENO) (1.2)
— b P . ohzo 09 . (13)
p ® 0

The first term of Equation.1 captures the increase in the ECM concentration when
a cell moves from an area where ECM was degraded to an areahigtihh abundance of

intact ECM. Hence, the extent of the migration (M) has a direct positive effect on the
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increase in the local ECM concentration. As the migration requireECall adhesions to
be created in the cell front and dissociated at the cell[Ta3rthe dependence of cell
migration to ceHECM adhesions will be nelinear[72]. To capture the nelinear role of
adhesions, M is multiplied by Kecm?. Next,theincrease in ECM concentration athae
crosslinking ratio will reduce the cell movement by reducing ECM pore Ei2g [68].
To introduce this hindering effect to Equatiorl,1the first term of tté equation is
6° z6

multiplied by o & & Higher ECM concentration and crelgsing

ratio decrease the value of this term, therefore decreasing the total value of the whole
Equation 11 (dCecw/dt). In this term, exponent n is a carstdependent on cell and ECM
geometry, adapting the equation for various types of ECM and cells. The exponent n
captures the nohinear effects of crosknking in creating physical barriers against cell
migration. The value of this exponent was deterchiegperimentally Kigure 8). The
second term of Equation.lldepicts the degradation rate of the intact ECMtlhy
proteolytic activity of invadopodia. It is assumed that ECM degradation would
exponentially reduce with the level of intact ECM, due to lessailability of non

degraded ECM for proteolysis.
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Figure 8. Fitting the value of n to the experimental data: The value parameter n was
experimentally validated for 2DA() and 3D B) data by fixing the crosknking value to

its optimal level in which maximum degradation is observed (0.39 and 0.36 for 2D and 3D
respectively). At these crodéisking levels the value of n that corresponds to experimental

data is the value yielding theighest number of invadopodiaigration switchesThe
figure is taken with permission from [127].

The first term of Equatioft.2 is the rate at which a cell degrades ECM. The higher
the levels of Invadopodia state (I) and ECM concentratiegaW); the hidner is the rate of
invadopodia degradation. In this model, it is assumed that between two protease delivery
events, the potential of invadopodia proteolytic activity decreases due to lesser availability
of protease molecules.¢g MT1-MMP). The second ter of Equationl.2 captures this

negative effect on the invadopodia degradation value.

Equation1.3 represents variations in the Migration state levels over time. We
assume that each cell has a constant rate of migration in a condition when there is no
physcal barrier opposing the cell movement.dr2D environment, where there are no
physical barriers present on the dorsal side of the cell, the increase in size and number of
focal adhesions on the ventral side of the cell can mimic physical barrier.flrsthierm

of Equation 3, this constant speed is denoted by V. However, the extent of ECM cross
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linking affects this speed. An increase in ECM cHasising ratio decreases ECM pore

size, resulting in a decrease in the velocity of cell migrgé8h We assumed that the cell
speed no#inearly decreases as the crlisging ratio inceases. The second term of
Equationl1.3 accounts for the physical barriers that ECM concentration is responsible for.
As a cell degrades its surrounding ECMsc decreasesesulting ina decrease in
Cecm/Cecm’, resulting in a decrease in the EQdncentration role in opposing cell
migration. The second term is then multiplied by the amount of the Migration state because
it is assumed that the higher the value of the Migration state, the higher are the effects of

physical barriers on the cell majion.

The set of ordinary differential equations consisting of Equatiofsl.2 was
simultaneously solved using the kinetic values as indicat@alahe 1 and the following

initial conditions
Clo = Cecm =100 (%, intact ECM at the beginning)
Mo=1
lo =1elC®

Mo and b are initial values of migration and Invadopodia states. It is assumed that
the cell is initially in Migration state until it reaches a point where it switchebdo

Invadopodia state.

Figure 7F shows one run of the model simulation #ocell oscillating between
invadopodia (blue line) and migration (red line). The dynamics of the transition between

Invadopodia and Migration states observed at a single cell IEigiré 7D andE) is
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recapitulated and extended in the repeated cyclasigriation/invadopodia that model
demonstratesFigure 7G summarizes the model simulations for varying X,amd
oscillation frequencies. The model suggests that an increase in ECMickoss will
enable a biphasic change in the frequency of migratieadiopodia switches in cells. Such
a prediction implies that at an intermediate cloggeng X, the number of switches from

migration to degradation and vice versa will reach a maximeigufe 7G, yellow

Table 1. List of variables and constanised in the cancer cell invasion model

Variable/Constant Description Unit Value reference
Dimensionless
0 Intact ECM concentration 0 to0 NA
(Percentage)
KO)
I Invasion state abundance Dimensionless NA JSS
PP T
itin
M Migration state abundance Dimensionless 0 p NA
X ECM crosslinking ratio Dimensionless Otol NA
Ka Cell-ECM adhesion constant 1/s 1 -- r's,
Ke Unit adjusting constant 1/s 1 --
Kic MT1-MMP proteolysis rate constar 1/s 0.00201 [52]
Kei Unit adjusting constant 1/s 1 -- 2 in
Ki MT1-MMP turnover rate constant 1/s 1/26 [51] .
>
Km Unit adjusting constant 1/um 1 -
Kem Unit adjusting constant 1/s 1 -
vV Maximum migration speed um/s 0.083 [53]
Indicator of the ECM crosslinking 6in 2D Thiswork
n dimensionless
ratio effect on cell migration 7in 3D Figure 5




2.3.3. Invadopodium maturation and ECM degradation biphasically conform to

ECM crosslinking in 2D and 3D

To test if the prediction of our model is supported in experimental invadopodia
assays, we measured invadopodia assembly and function in ECM with increasing cross
linking degrees. Breast carcinoma MTLn3 cells were plated on a thin fluorescent gelatin
layer crosdinked from 0 to 0.92 croslinking degree, using the chemical crdisgker
glutaraldehyde (GTA). At 18 hours after plating, the number of invadopodia precursors,
mature invadopodjand ECM degradation were measuré(re 9A-D). The number of
invadopodia precursors reached a plateau at 0.3%-lon&sy) degree Figure 9B), while
the number of mature invadopodia showed a strong biphasic trend with the increase in
crosslinking (Figures 9C andD). The peak of the biphasic trend is at the intermediate
crosslinking level (0.39) for both the total number of spots degraded @/eodrs Figure
9C) and for mature invadopodia present at the time of cell fixakau(e 9D). Moreover,
the portion of invadopodia precursors that mature and deghedeCM, reported as
invadopodia stability ratio, is at its maximum at the cilodsng degree of 0.39jgure
9E). The rend intheincrease othe total area of degradation further confirms that the
increase in the crodmking degree has a biphasic relationship to invadopodia maturation
and degradation. Our results were also confirmgidgutwo additional human breast
carcinoma cell lines, MDAVB-231 and H<78T Figure 9F). All three cell lines
presented biphasic distributions of invadopeuksed degradation with increased cross

linking, with the peak at the intermediate crin&ing (X = 0.39).
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Figure 9. ECM crosdinking biphasically regulates invadopodia maturatiand
degradationA. Representative fluorescence micrographs showing colocalization of actin
(red) and cortactin (cyan) in invadopodia of MTLn3 cells. Lower right panel shows
degradation of gel at i B-D.&Relatie 8umbeo af indopodi& c al e
precursorsB), mature invadopodiad) and number of degradation spd @t different
crosslinker (GTA) concentrations in MTLNn3 cells. IB{D), bars represent >300 cells in

3 separate experiments per condition; data are normalized to 0.05 %K} Tdvadopodia

stability ratio at three concentrations of crtisker; bars represent >200 invadopodia in 3
separate experiments per condition; SEM errors are shd@nArga of degradation
measured at 18 hours in three breast carcinoma cell linesn®{dlue), MDAMB-231

(green) and Hs578 (red). Experiments are performed in triplicate and circles represent
average degradation area per cell in >10 fields of view at each repeat. Lines represent mean
values and shaded areas represent 95% confidenoealstdnB andF, vertical axes are

in logarithmic scale. All p values report comparison to 0.39 diokmg ratio condition.

* p<0.05; **p<0.01, *** p<0.001.The figure is taken with permission from [127].
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In conclusion, as predicted in our model, thparimental data show a biphasic trend in

invadopodia degradation with increased cilggsng ratio.

Results of the 2D invadopodia assay were then validated in 3D invadopodia assay,
using FITGDQ-collagen cros$inked using transglutaminase Il from a® Q.87 cross
linking degred6], [15], [63], [73]. Colocalization of the FITDQ cdlagen | signalwith
cortactin, actin, and MT-MMP confirmed that the 3D collagen degradation was due to
invadopodia activityFigure 10A). Interestingly, invadopodimediated degradation also
followed a biphasic trend in a 3D environment, with maximunratigfion present at an

intermediate level of crodsking (0.36) Figure 10B).

Furthermore, measurements of collagen gel pore size and storage modulus eevealed
monotonic variation of these variables by increasing ECM dnokimg (Figure 11A-D).
Biphasic variations of invadopodiaediated ECM degradation as a response to monotonic
changes of ECM crodmking, pore size and storage modulus pretermits passive regulation
of invadopodia activity by ECM stiffening and suggests that invadopodiadiresly

responding to these changes at the molecular level.

Collectively, our model and experimental, gmaint measurements showed that the
intermediate crosbnking degree results in the increasetwtotal number of invadopodia
maturing and degradihnECM over time. We hypothesized that thauld be a result of
faster dynamics of invadopodia activities, such as faster protrusive cycles and/or more

frequent delivery of MTAMMP.
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Figure 10. Collagen I croséinking regulates ECM remodeling and degradation in 8D:
Representative fluorescence images depicting MTLn3 cells in 3D collagen | matrix. After
42 hours, cells are fixed and immunostained for actin (red), cortactin (yellow), and MT1
MMP (cyan). Collagen fibers were detected with reflected confocal microscopy (magenta)
and collagen degradation was measured using fElQC:ollagen | (greenB. FITC-DQ
collagenpositive areas in 3D cultures. Green bars present HEIQ&ollagenpositive

areas measured at 42h peshbedding into collagen with different crdssking degrees.

Red bar (TO) represents Oh; blue bar (GM) represents culture after 42h treatment with
GM6001, both at crodinking degree of 0.36. Experiments are performed in trifgiead

bars represent average area per cell in >10 fields of view at each repeat. All p values report
comparison to the condition with 0.36 crdsking ratio. * P<0.05; ** P<0.01, ***
P<0.001.The figure is taken with permission from [127].
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Figure 11. Measurements of physical properties of gelatin and collagen gefs:B.
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the crosdinker concentration. Errors are shown as SEMImages of a representative 3D
collagen gel taken by reflection confocal microscopy (raw image, left; processed image,
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2.3.3. Frequency of invadopodium protrustogtraction cycles changes

biphasically with increase in ECM crebsking

To assess the effect of ECM crdsging on invadopodia protrusieretraction cycleshe
fluorescence intensity of cortactin punctédoyie 3) was monitored in MTLn3 cells at
various gelatin crosknking degrees Kigure 12). Cortactin signal oscillations at
invadopodia, reflecting cycles of protrusiogtraction, were filteredRigure 12B) and
analyzed by autocorrelatiofriGure 12C). The aitocorrelation algorithm correlates the
signal of the cortactin adllations with delayed copies of itself in order to find the
periodicity of a repeating pattern within the signal. Results show average frequencies of
protrusionretraction cycles of approximately 2.5 mHz at low or high (0.18 or 0.69)-cross
linking degres anda significantly higher frequency of 3.08 mHz at intermediate eross
linking (Figure 12D). This reflects significantly faster protrusioetraction cycles and
suggests that the dynamics of invadopodia protrusive cgctss direct relationship to
ECM crosslinking (Figure 12D). Furthermore, inhibiting factin polymerization by 4 uM
CytochalasirD resulted in total abrogation of cortactin oscillatioktyie 4 andFigure

12E andF), confirming that measured oscillations in cortactin signal reflectesyof
invadopodia protrusions and retractions. Combined thig#results shown irFigures 9
and10, thesedata indicate that increased degradation at intermediate ECMIlictkiag

may be the consequence of faster protrusive cycles.

Next, we tested if themcrease in ECM crodinking affects proteolytic degradation
of ECM by increased dynamics of calcium spikes and consequeMIWR recycling to
the plasma membranh&2].
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Figure 12. Frequency of cortactin oscillations is biphasically regulated by ECM <cross
linking: A. Representative pseudocolored image of CeruweatactirMTLn3 cell.
Invadopodium is circled in red, while same size of area in the cytoplasm is circled in black.
Signd inside cytoplasmic circle is used as a filter for cortactin signal in the invadopodium;
B. Representative traces of cortactin signal oscillations (red line), cytoplasmic signal
representing the noise (green line) and filtered cortactin signal (bluedinmesponding to
areas within the circles iAj; C. Autocorrelation analysis of the filtered cortactin signal
showing the periodicity of the signd). Bars show the cortactin oscillation frequency at
different ECM crosdinking and represent >10 cellseip experiment and 3 separate
experiments per conditioE. Cortactin fluorescence over time measured in a cell treated
with F-actin inhibitor Cytochalasin DMovie 4). Fluorescence was measured in the
invadopodia precursor (red line, prior to filteringuélline, posfiltering) and in the
cytoplasm (green line).. Autocorrelation of cortactin signals in 5 cells with invadopodia
precursors shows cortactin oscillations are absent wiaetif-polymerization is inhibited.
Pairwise comparisons were done wWitB9 crosdinking ratio condition. Errors are shown

as SEM. * P<0.05; ** P<0.0I'he figure is taken with permission from [127].
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2.3.4.Calcium spiking frequency biphasically changes with increase in ECM cross
linking

SOCEdependent calcium spikes were recently shown to be essential both for
precursor assembly via Src activation, as well as MMP recycling to the plasma
membrane during ECM degradatiqfi2]. As the calcium channelare commonly
mechanosensitiv§74]i [76] and calcium spiking can be influenced by EQRKT], we
hypothesized that the frequency of calcium spikesild reach a peak value tte cross
linking degree of 0.39, in coordination with protrusi@traction dynamics. To test this,
we monitored calcium spikes in MTLn3 cells with invadopodia, recoritia§luo-4-AM
signal at different crosknking degrees Nlovie 5; Figure 13A and B). Dominant
frequencies of calcium spikes were determined by power spectrum angigaie (13C).
Consistent with our model, calcium spikes are fastest at the intermadiséénking level
(Figure 13D). Next, we tested if the fastest calcium spikes result in a more frequent

delivery of MTX:MMP vesicles to the invadopodial plasma membrane.

2.3.5. MTEMMP containing vesicles delivery to the plasma membrane is

biphasically egulated by ECM crodiking

MT1-MMP is recycled by acidic late endosomes to the tip of mature invadopodia,
where it is exocytosed to the neutral environment. We tested theMWWIR delivery rate
using pHsensitive MTMMPpHIuorin. This fluorescent protemarks exocytic events of
MT1-MMP, which appear as GHpvositive, blinking spots colocalized with the
invadopodigd78]. Exocytosis of MTAIMMPpHIuorin vesicles was monitored at different

crosslinking ratios (Movie 6; Figure 14E, F) to calculate the average vesicle delivery rate
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Figure 13. Frequeng of calcium spike is biphasically regulated by ECM crebsking:

A. Representative fluorescence micrographs of CerdedactinMTLn3 (cyan, middle)

cells (seMovie 5) labeled with Flued-AM (green, top), plated on fluorescent gelatin (red,

bottom). Scale bar is 10 micronB; Representative calcium spikes recorded in cells at
different gelatin crosfinking ratios; C. Power spectrum of calcium spikes ). D.

Comparison of average spike frequencies at different gelatinlonkssy ratios. $ale bar

10 &m. Data includes >15 cells per experin
Pairwise comparisons were done with 0.39 ctimgsng ratio condition. Errors are shown

as SEM. P<0.01 **, P<0.001 ***The figure is taken with permissiorofn [127].

for each condition. Athe crosslinking ratio 0.39, MTiIMMP-vesicles were delivered
more frequently compared to other crtisking ratios Figure 14F andG). Interestingly,
frequencies of calcium spikes and MWMMP vesicle delivery operate msimilar range,

suggesting coordination between cycles of calcium spikes and vesicle dEfivery

Collectively, our data suggest that frequencies of protrusive cyclegadopodia
calcium spikes and MFTMMP delivery to the invadopodial plasma membrane change in

concert and are controlled by ECM crdisging.
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pHluorin (seeMovie 6). Right panel depicts dynamics of MMMMP containing vesicles

delivery to the plasma membrane. Red arrows point at newly delivered veS8icles.
Representative record of MINIMP ddivery event over 30 min in cells at different gelatin
crosslinking ratios. C. Comparison of average frequency of MVIMP delivery at

different gelatin cros$inking ratios. Data includes >15 cells per experiment for 3 separate

experiments per conditioRairwise comparisons were done with 0.39 ctwdsng ratio

condition. Errors are shown as SEM. P<0.01 **, P<0.001 Ttie figure is taken with

permission from [127].

2.3.6. Switchingpb et we e n

integrinactivity

The coordinated relationship between ECM properties and invadopodia dynamics

mi

gration and

i nvadopodi

and function suggeséa central role for the outside signaling provided by ECNhtegrin

interactions. As mentioneeb o v e-integfinlis localized to invadopodiand in its

absence, invadopodia maturation and EG@a&grading function are disablg86]. We

hypothesized that ECM nt egr i n

dynamics and consequently, the length of time that cell will spend in Invadopodia state.

b1

nteract. i

We next tested this hypothesis in our model as well as experimentally.
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In our model, the effect of celtCM interaction on invadopodia dynamics was
examined by varying the adhesion constant (Ka) frosidufe 7E) to 0.2 and 0.01%
(Figure 15A). A decreasein Ka reflects lower celECM adhesion strength. While
modifying ECM crosdinking alters adhesion strength externally by changing the number
of ECM molecules proximal to the cell, adhesion strength can also be targeted by
modifying the integrin abilityd bind ECM. The model results suggest that a decrease in
adhesion strength (Ka&2) will cause a decrease in the period spent in the Invadopodia
state, simultaneously increasing the time spent in Migration state to the point where

invadopodiaareeliminated and the cell continuously migrates (K&:H01).

To test t he s i -intedrim abilitp to bindete the tEGM waé 1
increasingly blocked using different doses of a monoclonal blocking antibody (4B4). The
extent of invadopodia degradation an@i@age lengths of both Invadopodia and Migration
states, which occur on the timescale of hours, were measured at various doses of 4B4.
Results show that witan increasing concentration of 4Bthe average time that a cell
spends inthe Invadopodia state decases while that ahe Migration state increases
(Figures 15B andC). At 2.0 ug/ml of 4B4, ECM degradation is halt@ehd cells migrate
continuously. Higher concentrations of blocking antibody also block migration and cause
cell detachment fromthegeld n | ayer (04.0 Og/ ml). Furthe
parti al bl integrin i nhi btrdatedactivites, suchhas dy n ¢
cortactin oscillations, which occur on the timescale of minutes. Results show a significant
decrease ime frequency of cortactin oscillations from 3.08 mHz, in control cells, ® 2.3

mHzincellswi t h parti al b Eiguie a5D)eSyuchia decreasetvéemimisces o n  (
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Simulation results of the cancer cell oscillation between invadopodia (blue) and migration

(red) for decreasing values of Ka, indicating elimination of Invadopodia state at Ka =0.01

(right panel);B. Change in time spent in Migration state (h) withiaceei ng doses o
integrin blocker;C. Change in time spent in Invadopodia state (h) and invadopodia
degradation with increasing doses of bl ir
invadopodia degradation per cell (blue axis). Pairwise comparisenesdene with O pug/ml

4B4 condition.D. Cortactin oscillation frequency measured in cells: treated with PBS
(green bar) or cells treated with 0.6 Og/ ml
were done on gelatin layer with cragsking degree ©0.39, in triplicate and errors are

shown as SEM. * P<0.05; ** P<0.0E. Summary of the conclusions. Levels of ECM
crosslinking determines ECMntegrin interactions, which controls speed of invadopodia

Aidi ggingd and ECM degr aydamitsileads.to nforg freaqeent i n v ¢
switching between Invadopodia and Migration states and finally, to higher total ECM
degradationThe figure is taken with permission from [127].
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the effect of extreme ECM crofisking valueson the dynamics of cortactin sigfFigure

15D). Collectively, these results indicatethat E®@ML i nt egr i n i nteractic
regulating invadopodiaelated dynamics on the timescale of minutes and in turn,
frequency of switching between Invadopodia and Migration states, otintbscale of

hours Figure 15E).
2.4. Discussion

Invadopodia assembly and function has been well studied as a measure of cancer
cell invasiveness, but the relationship between invadopodia and cell translocation and the
dynamics of these events were nedieectly addressed. Here, we demonstrate, for the first
time, that cancer cells with invadopodia repeatedly oscillate between invadopodia and
Migration states. Importantly, we show that the degree of ECM-tirdgsg controls the
balance betweenthetwgot at es via the | evel of Dbl- integ
linking controls invadopodia dynamics and function, which involve protrustmction

cycles and calciurdependent MTAMMP delivery tothe plasma membrane.

The increase in ECM crodimking has been previously demonstrated to increase
the number of focal adhesiof#6] and invadopodi§6], [19], [79]. Further the stiffness
of ECM has been reported to affect invadopodia numbers and af2jtyFinally, either
an increaseni ECM stiffness or mechanical stretching toe ECM layer has been
demonstrated to increase MMP expresg&], [81]. Here, we show that the increase in
ECM crosslinking affects invadopodtaelated dynamics and their ECM degrading
function. While the number of precursors plateaus with the increase inliolosg, the

number of mature invadopodia demonstrates a prasexlibiphasic trend, suggesting that
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the crosdinking variations may be more important in later steps of invadopodia assembly,
such as maturation and MAIMMP delivery steps. Our data on M'MMP recycling
confirms this hypothesis. Collectively, our datandastrate that intermediate level of
ECM crosslinking supportsthe highest speeds of protrusive cycles, as well as the most
frequent MTEMMP delivery via C&" oscillations while making invadopodia more stable,
resulting in a peak of degradative activigurthermorethe extent of ECMb dintegrin
interactions dictates the length of time that a cell can spetigk invadopodia state and

the frequency of switching between migration and Invadopodia states.

Previous quantitative studies in both invadopodenegated by cancer ce[ls5]
and podosomes, generated by macrophages or dendritif1&3JI82], [83], have shown
an oscillatory behavior of the structure core, reflecting protrugtmaction cycles.
Intensity fluctuations in the core actin and cortactin content are a direct measure of the
vertical movement ofthe pmotu si on t i po di §l8.iSmgadosdillations t h e
were seen in stiffness levels of the podosome structure itself, as measured H8AFM
Lengths of protrusiorretraction cycles (i.e. core oscillations) reported in various cell types
were 308900 second§l3], [15]. Elimination of such cycles was seen with perturbations
of actin core by inhibition of ROCK or myosin light chain kind%8] or inhibition of
cortactin phosphorylatiofil5]. Our data suggesth at t he cel | Asensi ng
linking translates intahe frequency of protrusiometraction cycles in a coordinated
fashion. Thus, ECM crodsking degree optimal for maximum degradation is in
coordination withthefastest protrusiomnetraction gcles, as well athehighest frequencies

of calcium spikes and MTFMMP delivery. Interestingly, coordination between calcium
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spikes and oscillations in cortical actin (as well ag/)SP and PI(4,5)P2) was recently

demonstrated to be essential in vesielerstion in leukemia cel[84], [85].

In breast carcinom$b6], as well as metastatic melanorf28], -ibtégrin is
| ocal i zed t o-Integniv B dileoplogtly expressedl in breast carcinoma
compared to b3 amyl &r ainmv a do pnoedcieusns amat ur
focuses on general adhesions. Our model and results of blockingiE€EM e gr i n b1
interactions suggest that the balance between migration and Invadopodia states can be
altered via ECMb dintegrin binding levelsPrevious reports of dogesponse to soluble
factors such as EGF, demonstrated similar, biphasic trends of invadopodia numbers and/or
chemotactic migration to increasing EGF concentratjédf [86], [87]. Ourdata suggest
that conditions in the extracellular environment cannot be directly taken as having a
positive or negative effect on motility or invadopodial functions. Cells continuously adapt
their behavior to match the conditions encounteretiexxtra@llular environment, and
this may include reverting to their invasive behaviors. It is possible that each sthge of
theinvadopodia assembly contains equilibrium points, and those invadopodia that do not
reach stable conformation are continuously elated. Such a model is strengthened by a
recent mathematical study on focal adhesion gr¢@gh suggesting that focal adhesions
grow to the stable, equilibrium length. While the adhesions that did not reach equilibrium
fully disassemble, those that surpass equilibriune gj@a through partial disassembly.
Finally, stable focal adhesion size was found to be in direct relationship with ECM
stiffness. In conclusion, our observations suggest the importance of consideriimgeaon

relationships between cells and their immeslia@nvironments, which are further
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complicated by receptor transactivation and inherent heterogeneities in cell transcription

levels.

Data presented can be summarized in the model whereiEGM e gr i n b1l ad]
regulatesthe dynamics of invadopodieelatedprocesses occurring on the time scale of
minutes (speed of protrusigetraction cycles and ECM degradation). This turn,
regulateshe dynamics of invadopodimigration oscillations, which occurs on the time
scale of hours. Our data demonstrate tlester protrusiometraction cycles are in
conjunction with faster MT-MMP recycling and calcium spikes, leading to faster ECM
degradation. Next, this leads to invadopodia disassembly and cell translocation to a place
with intact ECM. In this model, integrisignaling regulates the speed and the efficiency of
invadopodia short scale dynamics, therefore, regulating long scale dynamics of switches
from cell Migration state to Invadopodia stakegure 15E). Our mathematical modeling
strengthens this view. Bymsulating a wide range of conditions in a generalizable; non
parametric mannethe model predicts that changes in EGMegrin binding and/or ECM
crosslinking will induce changes ithe frequency of oscillations between Migration and
Invadopodia state®hysically, this can be interpretedsaequirement for nomverlapping

levels of ceHECM adherence in each of the states.

Our findings suggest the possibility of targeting invadopodia via E@Mulation
treatments. As invadopodia vivo are necessarfpr intravasatiorf59] and extravasation
[7] and hence, metastasjs9], undestanding relationships between the ECM and
invadopodia carriesignificantimplications for future chemotherapies. If invadopodia and
their degradative activity can be destabilized by minute changes in ECMiafosg, this
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might potentially turn off th cancer cell metastatic potentild. vivo, several enzymes
catalyz covalent crosdinks of collagen and elastin in cancer. This includes LOX, PLOD
and TGIl enzymes, all of which were linked to increased cancer cell motility and metastasis
[89], [90]. Additionally, ECM crosdinking can be induced by neenzymatic glycation
between sugars and proteins, resulting in advanced glycation products (AMGIEB)were

shown to increase invasion in cancer c§$]. Reduction of ECM crosknking via
inhibitors specifically designed for LOX, PLOD2 or T@B7], [92], [93], as well as
inhibitors of glycation such as flavonoids or asp[@4] are likely to contribute towards
invadopodia reduction. Our work suggests that such inhibitors can be valuable in reducing

metastatic potential in neoadjuvant therapy.
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CHAPTER 3
CONTACT GUIDANCE IS CELL CYCLE -DEPENDENT

3.1. Introduction

Cancer is one of the leading causesheélthrelateddeatls globally. Cancer
mortality is tightly linked to cell migration and metastg8S]. During metastasis, tumor
cells invade and migrate through the stromal tissue, disseminate via the lymphatic or
vascular systems and colonize distant ord@6$ While migrating through the tissue,
tumor cells are often exposed to guidancescuesulting in directed migration that
facilitates persistent navigation through the tissue and efficient arrival to the lymphatic or
blood vessel$29]. Cues guiding directed migration can bedbiemical or biophysical.
The best studied biochemical cues are gradients of growth factors that induce chemotaxis
[97]. Severabiophysical cues have been identified by recent studies of extracellular matrix
(ECM) properties, one example of whichtre alignment of collagen fibers, shown to

stimulate contact guidan¢@8], [99].

Cell migration is composed of four intlapendent molecular steps that make up
the cell motility cycle[100]. The first step involvethe formation of adhesive protrusions
at the leading edge, whose direction is determined by cell polarif28prThe next steps
include the formation of new adhesions at the cell frotite elevation of actomyosin
contractility in the cell body, antheretraction of the adhesions at the cell rear. Cues that
induce directed migration, such asgth factor gradients or aligned collagen fibers, cause
local activation ofspecific Rho family GTPases that are part of the polarity signaling

machinery of the cellf99]. Hence, cells are persistently polarized in the direction of the
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guiding cues, and therefore, new adhesive protrusions are formed in the same direction
resulting in a guided migratiga01], [102] A consequence of directional migration is an
increase in migration persistence, which is also manifestacigher average speed of
directionally migrating cells. In the absence of directional coelts proceed through the

same 4step motility cycle but migrate randomly.

Based on the established hallmarks of cafidert is expected that motile cancer
cells are actively proliferating. Consistently, motile cancer cell populations have been
shown to have gene expression profiles shared with highly proliferative cell populations
[103]. However, at the single cell level, it is unlikely that cells actively engaged in actin
reorganization durinthe migration can simultaneously proceed through the cell cycle and
cell division, due to both structural and energystmaints. To explain how the switch
between proliferation and migration may occur at a single cell level, ther-Goow
hypothesis was proposed, suggesting a temporal exclusivity in division and migration
[104]. However, assessing this hypothesis was mainly done as ensemble measurements
and, so far, has resulted in contradicting repl@&$i [38], [105]. For example, in glioma
and cervical cancer cell lines, cells in G1 and S phase demorsshigieer speed of 2D
random migration than cells in G39]. Melanoma cells in 3D spheroids are shown to
possess lower motility ithe G1 phase compared to S/G2, while colon cancer icells’o
are shown to migrate faster in S/G2/M phase coethto G1[40]. Most recently, S/G2
cycling mammary epithelial cells were demonstrated to migrate faster in the wound healing
assay compared tolGells[41]. While current literature suggests that the cell cycle phase

influencesboth cell speed and the extent of cell migration, we hypothesized that the
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ensemble measurements were preventing a consistent redutiua a rigorous test of the
Go-or-Grow hypothesis. Therefore, we conducted a systematic study at the single cell
level, where bothhe cell cycle phas@rogressiorand migration of individual cells could
be simultaneously monitored and quantified useigomated computational image

analysis tools.

Cancer cell migratiom vivois mostly directional and guided by contact guidance
and/or chemotaxis. In this study, we tested the cell eyefeendency of migration
persistence anthe cells instantaneous vetity in directed or random migration, in both
2D and more physiologically relevant, 3D models. To monitor the cell cycle status-in real
time, we used nuclear labeling by FUCCI (Fluorescent Ubiquitin Cell Cycle Indicator) set
[106], which allows us to distinguish the G1 phase of the cell cycle from the S/G2. Using
LEVER (lineag editing and validatiorfLO7]i [L09] and MAT (multitemporal association
tracking)[110] algorithms for computational iage analysis, we were able to automate the
segmentation, trackingnd analysis of migrating cells. Our results indicate that in both 2D
and 3D conditions, directed, but not random migration, is affected by the cell cycle phase.
While no cell cycledependacy was observed for either persistence or instantaneous
velocity in randomly migrating cells, those engaged in contact guidance were more
persistent and faster in both 2D and 3D during the G1 phase of the cell cycle. In the 2D
model,the addition of achemotactic gradient increased the speed and perssiead
cells regardless of their cell cycle phase. Taken together, our results suggest that cells in

the G1 phase of the cell cycle excel in contact guidance.
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3.2. Methods

3.2.1. Cellculture and generan of FUCCFMDA-MB-231

Human breast cancer cell line MBEMB-231 (ATCC, Manassas, VA) was cultured
in DMEM supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA) and
1% Penicillin/Streptomycin mixture (Gibco, Thermofisher Scientific, WalthHdm).

Cell line FUCCIMDA-MB-23120 was generated using a edctivating
lentiviral expression vector systdfil1]. Viral particles were produced by-t@nsfecting
mKO2-hCdtl (red) or mAchGem (green) with the packaging plasmids (pGCAKgp),

G protein of vesicular stomatitis virus (VS¥) and Revexpressig plasmid (pRS\Mev)
into HEK-293T cells. Supernatant was collected and concentrated using theXLenti
concentrator (Clontech Laboratories, Inc). Highr viral solutions were used to co
transduce MDAMB-231 cells and top 5% expressors were selectde\@S.

3.2.2. 2Drandom migration assay

60,000 FUCCIMDA-MB-231 cells were cultured on gelatioated plates
described previously61]. Briefly, acidwashed 35nm glass bottom dishes (MatTek
Corporation, Ashlan, MA) were incubated with 50 pg/ml PoHysine (Gbco,
Thermofisher Scientific, Wlatham, MA) for 20 min and then, coated with 0.2% gelatin
solution for 10 min. Plates were then washed with PBS (Gibco, Thermofisher Scientific,
Waltham, MA) and crosBnked by 0.2% glutaraldehyde (GTA, Sigma, St. Louis, M®)
ice for 15 min. Next, plates were extensively rinsed with PBS, quenched with 5 mg/ml

sodium borohydride (Sigmaldrich, St. Louis, MO) and sterilized with 70% ethanol

50



(Decon Laboratories, King of Prussia, PA). Image acquisition was initiated 2 ltelfter
plating.

3.2.3. Microchannel&abrication

The microchips containing microchannels were fabricated using soft lithography
techniques. First, the microchip desiffti2] was created irAutocad (Autodesk, San
Rafael, CA) and printed on a glass plate to serve as a photomask. Next, a silicon master
was fabricatedviaspooat i ng a 40 silicon wafer (Unive
with SU-8 photoresist (MicroChem Corporation, NewtonAMollowed by baking at 70
°C for 20 min, exposing to UV light passing through the photomask transparencies and
removing the uncroslinked photoresist by a developer. The silicon master served as a
mold for making microchannels, onto which a 10:1 mixoff®@DMS:curing agent (Dow
Corning, Midland, MI) was poured, degassed under vacuum to remove air bubbles, and
cured at 70 °C for 1 h. Next, cured PDMS was carefully peeled from the wafer and cut into
singlechip size pieces. Celland chemoattractasside reservoirs were made on each
device using a enm biopsy punch. Next, acidashed 35mm glass bottom dishes
(MatTek Corporation, Ashland, MA) and PDMS devices were activated via oxygen plasma
treatment for 30 seconds at 300 mTorr. Microchips were then bkskby bonding each
PDMS device with a MatTek dish. Assembled devices were then sterilized with 70%
ethanol followed by repeatedly rinsing the devices with sterile RRietailed description

of this protocol is provided iAppendix C.
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3.2.4. Mathematial modeling of gradient formation within the channels
Dynamics of EGF gradient formation within the microchannels were modeled in
MATLAB (Mathworks, Natick, MA) using the partial differential equation toolbox

(PDEtool). The geometry of the model includgdcxosssection of a microchannel, and
physics of the model involved a tvebmensional diffusion equatior; oO— —,

with a constantoncentration boundary condition applied to the source edge. In addition,
a Neumann boundagpondition was applied to the sink edge of the channel, indicating that
the external flux of the chemoattractant from the system depends on the concentration of
the chemoattractant at the sink edge. Lastlyfluroboundary condition was defined for

the PDMS walls of the microchannels. Initial concentration of the EGF in the whole system
was set to zero. The EG#ater diffusion coefficient, D, was set to &30 “cm2/s.

3.2.5. Experimentalalidation of gradient formation in the microchannels

Prior to the experiment, sink and source reservoirs of the devices were rinsed and
filled with PBS. The PBS in the source reservoir was supplemented with Alexa Fluor 405
labeled 10 KDa dextran (MW of EGF is 6 kDa), and microchannels were then imaged on
a widefield Olympus (Olympus, Tokyo, Japan) microscope for 30 hours with 10 min
intervals.

Resulting movies of the dynamics of Alexa Fluor 4@&tran diffusion within the
microchannels across the two reservoirs were analyzed [6HijBr i ef | y, a dpl ot
was applied to a line drawn through the length of the channeRuanescence intensities
were recorded at every frame. Relative fluorescence intensities were then calculated via

applying the following equation to the raw data:
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Relative fluorescence = i (2.1)

I(x,tj)) represents the raw fluorescence intensity recorded at length x of the
microchannel and time of the experiment.mn(tj)) and haxtj)) are minimal and maximal
fluorescence intensities recorded in the microchannel at time t

3.2.6. 2Dcontact guilance using microchannels

Prior to cell plating, sink and source reservoirs of the microchips were rinsed with
PBS and then filled with culture media. 25,000 cells were plated in the cell (sink) reservoir
and the devices were placed in incubator for 2ricétl adhesion. Next, the media in the
source reservoir was supplemented with 20 uM EGF (Thermofisher Scientific, Waltham,
MA) and microchips were imaged with a widefield Olympus (Olympus, Tokyo, Japan)
microscope for 30 hours with 10 min intervals. M@weere then processed for extracting
migration parameters. In the movie processing, cell tracking was initiated upon cell entry
into the tapered section of the microchannels.

3.2.7. Collageralignment

Collagen fibers were aligned by incorporating paramagrmolystyrene beads
(PM-20-10; Spherotech, Lake Forest, IL) into a 1.5 mg/ml collagen mixture at 4% (v/v)
and exposing the mixture to the magnetic field of a neodymium magnet (BZXGN86X0
K&J Magnetic, Pipersville, PA) during collagen polymerizatjd88], [113]. This step was
performed at room temperature for 30 nifragneticfield induced flow of magnetic beads
within the collagen matrix aligns collagen fibers. Collagen alignment was assessed by
confocal reflection microscopy followed by image processing #5IRE [114] to extract
fiber angles.
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3.2.8. 3D Migrationassays

40,000 FUCCGIMDA-MB-231cells were suspended in 50 pl of a collagen mixture
containing: 1.5 mg/ml rat tail collagen | (Corning, Tewksbury, MA), 5 pl 10X PBS, 10%
FBS (Atlanta Biologicals, Flowery Branch, GA), 1% Penicillin/Streptomycin, DMEM
(Gibco, Thermofisher Scientific, Walam, MA), 4% paramagnetic polystyrene beads
(PM-20-10; Spherotech, Lake Forest, IL) and 1 N NaOH. The mixture was vortexed at 4
°C for 5 min and pipetted in a 36m glass bottom plate (MatTek Corporation, Ashland,
MA). Collagen mixture was polymerized atom temperature for 30 minutes and formed
a 3mm thick gel. For collagen alignment, this step was conducted by positioning the plate
adjacent to a neodymium magnet (BZX0YGXB2; K&J Magnetic, Pipersville, PA).
Next, 1ml DMEM containing 10% FBS and 1% &itics was pipetted into the plate. The
plate was then imaged via a widefield Olympus IX81 (Olympus, Tokyo, Japan) microscope
for 30 hours with 10 min intervals.

3.2.9. Livecell imaging

Live cell imaging was performed via a widefield Olympus (Olympusky®,
Japan) microscope equipped with LED lamp, Hamamatsu Orbét O&D (Hamamatsu,
Hamamatsu city, Japan), automatedrift compensation IX&ZDC (Olympus, Tokyo,
Japan), automated Prior stage (Prior Scientific, Rockland, MA) and an environmental
chambe. For live cell imaging, regular culture media was supplemented with 1:100
Oxyfluor (Oxyrase, Mansfield, OH) and 10 mM sodium lactate (Siéwaaich, St. Louis,

MO) to reduce phototoxicity. Time lapse imaging was conducted at a single focal plane
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using anOlympus 20x 0.7 NA objective and images were acquired at FITC, TRITC, and
bright field channels. Images were collected every 10 minutes for 30 hours.

3.2.10. Computationamageanalysis

Each image is first segmented and then tracked using the appneaobugly
described for the LEVER software togl97]i [109]. The segmentation processed the two
FUCCI channels using a denoising algorithfihd5] that models imaging noise as a
combination of slowvarying lowfrequency background noise and higéquency shot
noise. The denoising algorithm uses a Gaussiarplass iiter, with kernel size equal to
10% of the image size, combined with a median filter with support of 3x3 pixels. The
segmentation treats the fluorescence and phase channels separately. The fluorescence
images start with an adaptive Otsu thresholdingpfa#id by a connected component
analysis. The phase segmentation identifies bright and dark foreground pixels as those
falling greater than one standard deviation from the-lewel background pixels. These
bright and dark pixels are combined with an Otsedholded gradient image to produce
the final foreground. The intersection of the phase and fluorescence channel segmentation
is used as the final segmentation.

Following segmentation, the images are tracked to establish temporal
correspondences among teegmentation results. The MAL10] algorithm has been
widely applied in a number of applications and is used hereT Mges a minimum
spanning tree optimization to solve the data association problem across multiple image
frames (here set to three) in polynomial time. The first tracking step is to compute a cost

function between segmentations based on differences iralsipatation, shape and size,
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and fluorescence intensity signals. For each cell, the fluorescent intensity is taken as the
mean fluorescent signal within the segmentation boundaries. Cells that are separated by
more than twice the maximum radius of eithelt,r with a size difference of more than

90% between frames are gated or considered to have an infinite tracking cost. The gate is
adaptive, with the constraint adjusted upwards until at least five possible tracking matches
are obtained. MAT then useset cost function to compute optimal tracking associations
between segmentations. The LEVER program then allows the results to be visualized, and
optionally for any errors to be corrected manually.

Cell tracks were manually analyzed to correct for-sgigmated cells and assess
instantaneous velocity (displacement between two frames divided by timeffaative
cell persistence (net cell displacement over the course of experiment divided by the total
displacement).

Cells which were tracked and analyzetbtighout the cell cycle phases G1, S/G2
show a transient (~2h long) overlay, between G1 (red) and S/G2 (green) fluorescence,
shown as yellowNlovie 10). These cells were classified as either G1 (>50% of maximum
red fluorescence) or S/G2 (<50% max. redfscence).

3.2.12. Statisticahnalysis

Two-tailed student Fest was performed for all statistical analysis. Statistical
significance was defined as * P < 0.05; ** P < 0.01 and *** P < 0.001. Data are shown as

means = SEM.
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3.3. Results

3.3.1. Establishmerdnd characterization of a 2d model for contact guidance and

chemotaxis

To model directed cell migration in 2D, we designed a microchip with
microchannels limiting cell migration to the channels and providing contact guidance cues
(Figure 16A). In addition,in this device, chemotaxis can be also stimulated in cells by
introducing a chemoattractant (e.g. Epidermal Growth Factor; EGF) gradient through the
microchannel$116], [117] Microchips were fabricated using P[@Wia soft lithography
techniquesFigure 16B shows the top and side views of the device with reservoirs on each
side of a 2@microchannel array (W 10 pm x H 20 um x L 850um). The left reservoir is
loaded with cells suspended in culture media, while tightrreservoir acts as a
chemoattractant source. To facilitate cell entry into the channels, the left end of the
microchannels is tapered (W 35 pum x L 150um). The 10wide and 20 prtall
microchannels guiddée migration of MDA-MB-231 cells alonghex-axis while allowing

contact with both channel wal$18], [119]

To test the microchip ability tprovide a stable gradient across its full length,
formation and dynamics of the gradieverefirst simulated by solving the unsteasdtate
diffusion equation using a finite element approach. In the mathematical model, we assumed
a constant concentratior the chemoattractant (EGF or dextran) in the right reservoir, as
the reservoir volume is six orders of magnitude larger compared to the volume of individual

microchannels (~200 mfor the reservoir and2x 10 *mm?for a microchannelMovie
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Figure 16. Development and characterization of a 2D model for directed cancer cell
migration using a chemoattractant gradient in microchanelSimplified microchip
design. To facilitate cell entry into 10 pwide microchannels, left end of microchannels
was apered (35 pum width)B. Top and side view of the microchip; reservoirs were
generated using a 6 mhiopsy punch.C. Mathematical modeling of the ndinmear
chemoattractant gradient across the microchannels. Example time points ranging from 6
30h are shownD. Gradient of AlexaFluor 405 dextran across the microchannel length,
measured at different times3®h. Colors correspond to acquisition times indicate@)n (

The figure is taken with permission from [172].

7 and Figure 16C show theresults of the mathematical modeling and formation of the
gradient across the microchannels. As indicatdedgnre 16C, the gradient steepness was

predicted to be stable from t 24 h posgradient formation.

We next experimentally validated the matlaical model by monitoringhe
diffusion of fluorescently labeled dextran over time. AlexaFluor-kb®led 10 kDa
dextran has a molecular weight and diffusivity similar to those of EGF (MW = 6 kDa and

D =05x10“4um2/s). As shown ifrigure 16B, masstansfer was limited to the molecular
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diffusion by capping reservoirs with PDMS pieces, equilibrating the pressure across the
system and reducing convectidfigure 16D showsthe quantification of gradient profiles

at different time points. While there isiagligible reduction in the gradient steepness over
time, as mathematically shown, average gradient steepness in the system is stable from 6
to 24 h posgradient formation (< 10% difference). Since the chemotaxis of NVIBX

231 cells is affected by theestpness and concentration of the EGH)], quantification of

the cell migration parameters (instantaneous velocity and migration persistence) was only
conducted on data acquired from 6 to 24 h jgoatient formation. Comparingrigure

16C andD shows that at the beginning of the experiment, the concentration of dextran in
the system is higher than what the modeling predicts. This is mainly thectmvection
basedmnass transfer of thedextranmoleculeghrough the microchannels during the device

loading procedure.
3.3.2. Contact Guidance in 2D Is Cell Cy&ependent

We first tested the cell cycldependency of cancer cell migration in 2D by
acquiring timelapse recordings of FUCAQWIDA-MB-231 cells Movie 8). To model 2D
random migration, cells were plated on gelatirated dishes. In the contact guidance
model, cells moved along the gelatioated microchannels, in the presence or absence of

the chemoattractant gradieMdvie 9).

Cell trajectoriesand the corresponding cell cycle phase information were extracted
from timelapse movies by image segmentation and tracking via algorithms using the
LEVER opensource software too[409] (see methodsMovie 10). LEVER uses custom

segmentation algohtns written in MATLAB combined with the mutemporal
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association tracking algorithm (MAT)15] to quantify cellular location and morphology
in each imagerame, and to extract the tirseurse of FUCCI signal intensities for each
cell in each image sequence. Extracted data were further used to calculate cell persistence

and instantaneous velocity.

Figure 17A andB depict representative trajectories of cellsdomly migrating in
2D and the corresponding cell cycle phases (G1, red and S/G2, green). Oelksairly S
phase express both red and green fluorophores, generating yellow labeling. In our system,
these cells amounted to <10% of the total numbereti§ @and were excluded from the
guantification. As expected, without guiding cues, cells freely change their polarization
direction, resulting in a very low migration persistence, independent from the cell cycle
phase Figure 17C) [29]. Consequentlythe instantaneous velocity of cells in G1 shows
no significant difference compared to that of cells in the S/BBgufe 17D). Taken
together, these findings demonstrate thatandom migration of canceells in 2D is not

cell cycledependent.

Next, we assessdte migration of cells subjected to directional migration in 2D
(Figure 17E-L). Microchannels guide the cell migration along thaxis by limiting the
movement in yand zdimensiong118], while the norinear gradent of EGF stimulates
chemotaxisin MDA-MB-231 cells. Simultaneous exposure to contact guidance and
concentration gradient of the chemoattractant results in highly persistent cell migration,

similar in both G1 and S/G2 cell cycle phadeg(re 17G). However, velocity of cells in
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Figure 17. Contact guidance in 2D is cell cyalependentA & B. Representative
trajectories of cells in G1 (red) and S/G2 (green) phase, randomly migrating on-gelatin
coated plate<C & D. Persistence and instantaneouseiy of cells shown iA andB. E
& F. Representative trajectories of cells in &) &énd S/G2K) phases of the cell cycle
migrating inside the gelatinooated microchannels in the presence of chemotactic EGF
gradient.G & H. Persistence and instantanewakcity of cells shown it andF. | & J.
Representative trajectories of cells in Gland S/G2J) phases of the cell cycle migrating
inside the gelatitoated microchannels, in the absence of chemotactic EGF gr&di@nt.
L. Persistence and instanéaus velocity of cells shown IrandJ. M & N. Representative
trajectory of cells monitored continuously as they migrate in Gland S/G2, either randomly
(M) or contact guided, in microchannel)(O & P. G1 to S/G2 persistence rati®)(and
instantaneouselocity ratio P) for randomly migratingR) and contact guided cells (CG).
In all box and whisker plots, solid and dotted lines represent median and mean,
respectivelyThe figure is taken with permission from [172].
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G1 is significantly highefapproximately 20%) than the instantaneous velocity of cells in

the S/G2 phaseHigure 14H).

Cell migration in the microchannels was also tested in the absence of the EGF
gradient Figure 17I-L), with contact guidandeeingthe only guidance cue. In thessmce
of the chemoattractant, cells often switched their direction, which resulted in shorter
trajectories Figure 171-J) as well as in decreased migration persisterigute 17K),
when compared to cells exposed to chemoattradtagire 17E-G). Here, he difference
in the instantaneous velocities of cells in G1 compared to S/G2 phase was even more
pronounced Kigure 17L). Collectively, our data suggest that contact guidance of the
cancer cells in 2D microchannels is cell cydependently regulated. Alstheaddition of
chemotaxis increases persistence and instantaneous velocity of cells in both G1 or S/G2

phases.

Lastly, we monitored cell migration throughout the cell cycle. This allowed for a
direct comparison between the G1 and S/G2 migration péessneithin an individual
cell. Such an approach eliminated contributions of intercellular heterogeneity and
stochastic gene expressiorigure 17M and N depict trajectories of cells migrating
randomly fFigure 17M) or in microchannels Higure 17N, Movie 9) color-coded
according to their cell cycle phase. Here, the G1 to S/G2 ratios of persisignure (70)
and instantaneous velocitiFigure 17P) were calculated for individual cells. In random
migration, ratios are close to 1, indicating no change imaghation when cells transition

from G1 to S/G2 phase. In cells within microchannels, ratios are significantly higher,
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indicating that during contact guidance, cells are both faster and more persigteriin

phase compared to S/G2.
3.3.3. Contact Guihce in 3D Is Cell Cycl®ependent

Severalstudies demonstrated that cell migration in &ilght not reflect cell
behaviors in more physiologidglrelevant 3D models, where cells can be exposed to
tissuelike confinement85], [121], [122] and reciprocal celinatrix interactiong123].
Collagen gels are one example of such 3D models, which provide fibrillar structure
resembling the topography of native tissue ECahd therefore, is superior to the
homogeneous 3D geJ$24]. In 3D collagen gels with pore size eftor larger than the
diameter ofthe cell nucleus, breast cancer cells utilize Mifldependent migration. In
contrast, MMPdependent migration is present in environments with smaller pedgs
Additionally, directed cell migration along aligned and bundled collagen fibers (contact
guidance) was shown to significantly increase persistg@8fp without affecting the

instantaneous velocity of ce[l$25].

To test the cell cyckdependency of random and directed cell migration in 3D, we
generated collagen gels with either randomly aeérfigure 18A-C) or aligned fibers
(Figure 18D-F). The aligned fiber architecture was achieved by flowing magnetic beads
through the collagen g¢113]. We confirmed the orientation of the fibers by confocal
reflection imaging Figure 18B andE) and measuring the distribution of fiber angles in
each condition. The randomly oriented fibashow a uniform distribution of fiber angles

(Figure 18C), indicating that there is no enrichmetftfibers in any particular angle. The
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Figure 18. Development of a 3D model for directed cell migration using collagen fiber
alignment: A. Randomly oriented 3D fibrillar collagen was used in the 3D random
migration assayB. Representative image of the random architecture of collagen fibers
imaged by confocal reflection microscofy. Quantification of collagen fiber angles in
(B) demonstrang a random distribution of the collagen fiber orientatibn.Collagen
mixed with magnetic beads and exposed to magirediecced flow results in 3D collagen
with aligned fibers.E. Aligned architecture of collagen fibers imaged by confocal
reflection mcroscopy.F. Distribution of collagen fiber angles i) shows a Gaussian
distribution in collagen fibers direction, centered at 90° relative to the mageetation.
Scale bar 100 um. The figure is taken with permission from [172].

aligned fibers show Gaussian distribution of angles, indicating that the majority of fibers

are positioned at the same andgtey(ire 18F).

Using these 3D models, we compared the migration of FLNIQA-MB-231 cells
in randomly orientedNovie 11) or aligned Kovie 12) fibrillar collagen. Timelapse

images were segmented and tracked using LEVER. Consistent with the random migration
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pattern in 2D, cell cycle status affedineitherthe persistence nahe velocity of cells in

randomly oriented fibers in 30-igure 19A-D).

In aligned collagen, cell trajectories show higher persistence compared to cells in
randomly oriented collagefrigure 19E andF). Further, cells persistence and velocity are
both cell cycledependent, as quantification of the migration parameters shatwsells in

the G1 phasare significantly more persistent and faster tbalts in S/G2 Figure 19G
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Figure 19. 3D contact guidance is cell cyeteependentA & B. Representative trajectories

of cells in the G1 (red) and the S/G2 (green) phase of the cell cycle migrating in 3D collagen
with randomly oriented fibers<C & D. Persistence and instantaneous velocity of cells
migrating in 3D collagen with randomly oriext fibersE & F. Representative trajectories

of cells in the G1 (red) and the S/G2 (green) phase of the cell cycle migrating in aligned
3D collagen fibersG & H. Persistence and instantaneous velocity of cells directionally
migrating in aligned 3D collamn fibers. In all box and whisker plots, solid and dotted lines
represent median and mean, respectivigtg figure is taken with permission from [172].
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andH). In conclusion, our data demonstrate that cells in the G1 phase of the cell cycle
exhibit a moe persistent and faster migration in response to directional guidance cues.
During random migration, persistence and velocity of cells in the G1 and S/G2 phases of

the cell cycle are similar.

3.4. Discussion

In this study, we sought to determine the relaghip between cell cycle and
migration parameters (velocity and persistence) of cancer cells. We established models 2D
and 3D models of contact guidance and used these models to visualize migration-of MDA
MB-231 breast carcinoma cells expressing the FUse{Ltycle reporter. Using timkapse
live imaging, we demonstrate that cell cycle progression affects the speed of directional,
but not random cell migration. We show that while exposed to contact guidance cues, cells
in G1 outperform those in S/G2 bytakiting higher persistence and velocity in both 2D

and 3D environments.

The extent of migration, persistence and the velocity of cells can be regulated by
extrinsic cues, including ECM properties or chemoattractant grad#3jtg120], [126],
[127], as well as intrinsic cues, such as the cell cycle progression. Thdalkokstween
cell cycle and motility pathways was suggested by a number of mechanistic reports. For
example, integrins and receptor dgme kinases were shown to regulate both Rho
GTPases, master regulators of cell contractility and actin polymeriZag8i as well as
Gl-related cyclindependent kinasefd29]. Last but not least, recently, a direakli
between Aurora A kinase, known to regulate G2/M transition, and the speed of wound

healing is suggestdd1].
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Our modes and method provide a platform for further interrogating the relationship
between cell cycle progression and extrinsic cues and the effects of that interplay not only
on cell migration but also on cell invasion. In this regaeleralstudies have started
addressing the influence of cell cycle progression over inv@saiji [135]. For example,

a recent studyin mouse embryonic fibroblasteas shown that the cytoplasmic pool of
cyclin-dependent kinase inhibitor p27 is involved in regulating invadosomes and ECM
degradation136]. On a similar note, anchoelt invasion intothe vulval epithelium,
occurring during development i@. elegansis only performed by cells that are time

GO0/G1 phase of the cell cyc[@37]. Finally, a number ofn vivo tumor studies have
reported a negative correlation between tumor grondhrarasion, such that tumors which
invade and metastasize more efficiently, grow slower and vice V&B&j [144]. In
melanoma, this phenomenon was described as the phenotypic El@8hWhile no
studies, so fia addressed the effect of extrinsic factors on coordination between cell cycle
and invasion, a number of recent works can be used to guide future experiments. For
instance, ECM stiffening in mammary epithelial cells was shown to activate cell cycle
progression via a FAKRacCyclin D1 pathway145], and applying stae stress to tumor
cells can induce a G2 /-nedided patsayglsslhbotoafgh Uv (

which are likely to affect integrin/FAKlependent invasion and invadopodia assembly.

Tumor cell arrest during the G1/S transition, by inhibitors of Cdk4/6, is one of the
new avenues for breast carcinoma treatnjga?]. While such treatment sucséglly
reduces tumor size, it may also accumulate reactive oxygen species and increase Cyclin

D1 expressionil48], whichhasbeen linked to increasin migration and invasiofiL49],
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[150]. Hence, understanding the coordination between cdi eya cell migration, as well

as the other hallmarks o&ncerjs increasingly important.
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CHAPTER 4
ORTHOGONAL AND PARAL LEL ARRANGEMENTS OF
CONTACT GUIDANCE -CHEMOTAXIS DUAL -CUE
ENVIRONMENTS DISTINC TIVELY FOSTER CANCER CELLS
DISSEMINATION

4.1. Introduction

Cell migration is arucialcomponent of canceell disseminatiofrom the primary
tumor into itsadjacent tissuéstroma)[151]. This process is one of the early steps in the
metastatic cascade through whicm@ar cells from the primary tumor circulate through
the bloodstream or lymphatic system and colonize distant organs by forming secondary
tumors [152]. While disseminating through the tumor strgnertain chemical and
physical cues can guide thelsgb migrateaowardsther direction[29]. Bundles of aligned
collagen fibers (stimulating contact guidance) and gradient of soluble growth factors
(inducing chemotaxis) are two guiding cues of raign that disseminating cancer cells

are widelyexposed to and migrate towaid3], [153].

In vitro, Contact guidance can be induced via various types of anisotropic features
engineered in the cell substrates. Mipaiterned surfaces featuring a narrow 1D strip of
adhesion ligandEL54], [155] micro-fabricated ridges and grooves on a 2D surfabé],

[157] and prealigned 2D sythetic[158], [159]or 3D natura[33], [113]fibrous substrates

are examples of anisotropic structures inducing directed migration in adhesively migrating
cells.In vivo, during tumor progression, collagen fibers in the desmoplastior stroma
undergo a reorganization that results in their radial alignment to the [u&8r Suchan
aligned collagen organization is further used by carcinoma cells as migration tracks

facilitating persistent localdissemination[160]. In addition to contact guidance,
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chemotaxis is also widely perforchéy cancer cells towards chemokine and growth factor
gradients secreted by various inflammatoryg.(emacrophages)[161] and non
inflammatory (eg., fibroblasts[162] and endothelial cells forming blood vessgl§3])

cells residing in the tumor microenvironmg@?]. Besides directed migration of cancer
cells towards gradients of fetal bovine serum (FBS)itro [164], indicates that leaky
blood vessels in the tumor microenvironment can act as yet another source of

chemoattractants stimulating chemotaxis in cancer. cells

Tumors are highly heterogesus tissues. This heterogeneity mainly stems from
genomic instability and epigenetic divergence in cancer [d@E] as well as recruitment
of infiltrating cells (eg., immune cells and fibroblasts) and their resulting-cell and cel
ECM interactiond166]. Heterogeneity of the tumor confounds treatment efficacy in the
clinical settings leading to lower patient survival ratg87]. A direct consequence of
tumor heterogeneity is thatisseminatingells are less likely to be affected by one single
cue at a timelnstead cells are mostly faced with a muttile environment in which they
need to continuously adt their behgiors depending on the spatiotemporal changes of
such cues. Hence, the likelihood of cancer cells being simultaneously exposed to multiple
guiding cues is extremely high in the heteragrs tumor tissues. Driven by this notion,
some studies have assestsmigratorybehaviorof cancer and nenancer cells under
multi-cue environmentg499], [168], [169] For instance the effect of the dualcue
conditions simultaneously imposing both contact guidance and chemotaxis cues to
migrating cells were previously assessadimmune[170] and endothelial cellgL71]. In

the former, Human neutrophil leukocytes directatfjration was shown to be highly
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dependent on the steepness of the chemoattractant gradient. While cells migrated toward
the chemotactic cue upon exposure to steep gradients, contact guidance dominated the
system in shallower gradienf$70]. On the contrary, contact guidance dominated the
migratory response of the endothelial cells independent of the tested chemotactic gradient
steepness level[d71]. Contrasting resultsf these two pioneering studies indicate that
migratory behavior of cells isucha duatcue environment is highly cell typpecific.

Despite such efforts, the migratory behavior adisseminatingcancer cell that is eo
stimulated by contact guidance arftemotaxis cues is yet to be elucidated. For instance,

it is not yet known whether an invading cancer cell would experience competition between
orthogonally arranged cues, or whether the parallel arrangement of the cues would

synergistically increase thedficiency of directednigrationin the cancer cells.

In this work, wesoughtto characterize¢he directed migration of HS78T breast
carcinoma cells under a contact guidanbemotaxis duatue condition. Whilethe
parallel arrangement of the two cues results in a significant increase in cell directionality
and speedthe orthogonal arrangement of cues decreased cell directionality compare to
singlecue conditions. Interestingly, e latter case, no particular csbowed absolute
dominance over the other. Instead, cancer cells switched from following one cue to another
during their migration resulting in an increase in their cell dispersion compared toe single

cue and parallel dualue conditions.
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4.2. Methods

4.2.1.Cell aulture

Human cell line H&E78T (ATCC, Manassas, VA) was cultured in DMEM (Gibco,
Thermofisher Scientific, Waltham, MA) supplemented with 10% FBS, 1%
Penicillin/Streptomycin, 1 mM Pyruvate (Gibco, Thermofisher Scientific, Waltham, MA)
and 0.01 mg/ml Bovin@sulin (SigmaAldrich, St. Louis, MO).

4.2.2. Cellnucleus and cytoplasm labeling

For nucleuslabeling, adherent cells were incubated with Hoechst (Thermofisher
Scientific, Waltham, MA) 1:1000 for 15 minutes. Fgtoplasmidabeling, adherent cells
wereincubated with 5 uM Cell Tracker Green (CMFDA Dye, Thermofisher Scientific,
Waltham, MA) for 30 minutes.

4.2.3. Collagercell mixture preparation for 3D cell migration assays

HS-578T cells (35000 nucldabeled cells when using ibidi chemotaxislides
and 2000 cytoplasmic labeled when doing migration assay on-lgtdssm dishes) were
suspended in 50 pl of a collagen mixture containing: 1.5 mg/ml rat tail collagen I (Corning,
Tewksbury, MA), 5 ul 10X PBS, 1% Penicillin/Streptomycin, DMEM (Gibco,
Thermofsher Scientific, Waltham, MA), 4% paramagnetic polystyrene bead2(P\0;
Spherotech, Lake Forest, IL) and 1 N NaOH. Focune and contact guidance conditions
that did not include an FBS gradient, certain concentrations of FBS (Atlanta Biologicals,
Flowery Branch, GA) (1, 2, 5 and 10%) was added to the mixture. The mixture was
vortexed at 4°C for 5 min and was kept on ice until pipetted into the ibidi chemotaxis u

slides or on glasbottom 35mm dishes.
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4.2.4. Cell migration assay in ibidi chemotaxislides

For loading collagen into ibidi chemotaxissul i d e s, the vendor 6s

followed. Briefly, 6 ul of collagen mixture was pipetted into each chamber of-glielgs.

Next, |kslides were incubated in room temperature for 25 minutes in ordeslf@agen gel

to form. For conditions that include collagen alignment, collagen gelation was done while
exposing the collagelwaded pslides to a neodymium magn@&J Magnetics Bucks
County, PA; BZX0Y0XGN52). The magnetic field induces a flow of magnetic beads
within the collagen mixture leading tthe alignment of collagen fibersA detailed
description of this protocol is provided Appendix C.

After the formation of the collagen gel, DMEM supplemented hwil%
Penicillin/Streptomycin, 1 mM Pyruvate and 0.01 mg/ml Bovine insulin containing various
concentrations of FBS was pipetted into the sink and source reservoirs of each chamber of
a pslides. For conditions containing a chemotaxis cue, sink reservenss filled with
media containing no FBS and source reservoirs were filled with media containing 1, 2, 5
or 10% FBS. For conditions, containing no chemotactic cue, both reservoirs were filled
with media congainghe same concentration of FBS as was eaitieorporated into the
collagen mixture. Next, cell migration inside theslides was imaged via a widefield
Olympus (Olympus, Tokyo, Japan) microscope equipped with LED lamp, Hamamatsu
Orca 16bit CCD (Hamamatsu, HamamatSity, Japan), automateddzift compensation
IX3-ZDC (Olympus, Tokyo, Japan), automated Prior stage (Prior Scientific, Rockland,

MA) and an environmental chamber. Thlag@se imaging was conducted at a single focal
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plane using an Olympus 20x 0.7 NA objective and images were acquired &taDéP
bright field channels. Images were collected every 10 minutes for 35 hours.

4.2.5. Cell migration assay in glassttom dishes

After the preparation of the cetiollagen mixture, the mixture was pipetted on
glassbottom dishes and incubated in rocemperature for 25 minutes until collagen gel
forms. For collagen alignment, collagen gelation was done while exposing the cellagen
loaded dishes to a neodymium magn&tter collagen gelation, L15 media (Gibco,
Thermofisher  Scientific, Waltham, MA) contamg 10% FBS, 1%
Penicillin/Streptomycin, 1 mM Pyruvate and 0.01 mg/ml Bovine insulin was pipetted in
the glassbottom platesNext, cell 3D migration was imaged via any@lpus Fluoview
1200 confocal microscope (Olympus, Tokyo, Japan) using andBEserto monitor the
cell cytoplasmic markem a fluorescent channeind individual collagen fibers in the
reflection channel. Images were collected every 30 minutes for 48 hours.

4.2.6.Cell tracking and analysis

Cell tracking in cells with nuclei labelingasperformed using TrackMate plug in
in Fiji [62]. Following acquisition ofhe cell tracks, average velocity and cell persistence

(in the direction of y and xaxes)was calculated for each cell using the following

eqguations.

Averagevelocity : ® 4.1)
Contact guidance index: S 4.2)
Chemotaxis index: 4.3)
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Cell tracking incells with the cytoplasmic marker was done using MATLAB
function Aregionprops. o0 The input of t his
migration which was prepared by using the thresholding tool in Fiji. The cell grack
acquired in this steyereusal to extract cell motion vectors at each fraftee @Il motion
vector was defined as unit vector in the direction of the line connecting the position of
the cell in the current frame to its position in the next frame.

4.2.7. Extraction o€ell orientation and fiber vectors

3D cell migration moviesncluding a fluorescent channel of cell cytoplasm marker
and a reflection channel of randomly organized or aligned fibere used to acquikell
orientation andiber vectors for each frame of tmeovies.Briefly, each cell migration
movie was screened anglices containing the cell of interest were specified and recorded
by the user. Next,-projected images of the cell cytoplasm chanvesleusedto acquire a
binary image of the cell shape ach frame via thresholding in Fiji. The binary images
were then processed by MATLAB function Are
directions. The cell orientation vector was then defined as the unit vector in the direction
of cell orientation.

Z-projected images of the fibers were acquired indfifl were theprocessed via
ctFIRE to segment all the fibeirs the images and calculate their length and angle. Next,

Cell cytoplasm binary images were multiplied by the fiber images to remove ¢ thiat
are not in contact with the cells. Nexlhe average angle of the remaining fibers was

calculated. The fiber vector was then defined as the unit vector in the directiba of
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averageangle of the fibers A detailed description of this proceduréorag with the
MATLAB code performing the average fiber angle extraction is providégppendix B.

4.2 8. Measurement of gradient formation dynamics in ibidi chemotasigdgs
Following forming a collagen gel in an ibidi chemotaxislige, sink and soae
reservoirs of the device were filled with PBS. The PBS in the source reservoir was

supplemented witb0 nM Alexa Fluor 405labeled 10 KDa dextran. Next, thesjide was

imaged on a widefield Olympus microscope (OlyspTokyo, Japan) for 40 hours with

10 minutes imaging interval. Resulting movieere thenanalyzed with Fiji in order to
extract the dynamics of gradient formati on
was applied to a line drawn across the width of the collagen gel and thesfiene

intensities were recorded at every frame. Relative fluorescence intensities were then

calculatedoy applying the following equation to the raw data:

h

Relativefluorescence: (4-4)

I(x,T) represents the raw fluorescence intensity recorded at Igmdttihe gel and
time T of the experimentmh and haxare minimal and maximal fluorescence intensities

recorded in the microchannel.

4.2.8. Statistical Analysis

Two-t ai | ed stastuwh®e pdrférreed for comparing persistence and
instantaneous velocity of cells at various conditions. statistical significance is defined as *
P <0.05; * P < 0.01 and ** P < 0.00Wherever specified, Eolmogorow+Smirnov

distribution test was applied.
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4.3. Results

4.3.1. Developing a dualue cell migration environment incorporating both contact

guidance and chemotaxis cues

In order to expose cancer cells to both chemotaxis and contact guidance cues in
various directions, we used commercially available ilwllémotaxis pslides, whose
schematic crossection and top views are showrFHigure 20A. Chemotaxis tslides are
composed of three sidwy-side chambers including a8 central chamber located
betweentwo68®)L chamber s | abel ed Figwe20AsTharkiddleand i
chamber is where the calbllagen mixture is pipette@nd the side chambers are media
reservoirs. A small difference in the concentrations of media coems pipetted into the
sink and source chambers resultgha formation of a gradient across the collagen gel.
Figure 20C depictsthedynamics of gradient formation across the collagen gel as a result
of having a 50 nM 40&lextran concentration differeedetween the source and sink
media.Figure 20D depicts a quantified version Bfgure 20C showing that the chemical
gradient forming across the collagen gel in ibidi chemotaxsbdes is stable for more than
32 hours (from 8 to 40 hours pagtadient femation) which is the time window that is
used in this study to assess the chemotaxis behavior of tHe/8IScells. Since the
steepness of the chemical gradient that cells are exposed to can vary the robustness of cells
chemotaxig120], in this study, we testddur different FBS gradient steepness values by
varying the FBS concentration in the source chanfiigufe 20B). Figure 20E shows the
steepness of the FBS gradients 40 hours-gastient formatia for all tested FBS

concentrations in the source chamber.
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Figure 20. Establishing single and dualie 3D environments where cancer cells are
simultaneously exposed to both chemical gradients and aligned fhefs:schematic
showing ibidi chemotaxis glide crosssection and top viewd. A schematic showing
various chemical gradient steepness values and fiber conformations tested in thiS study.
& D. Dynamics of 405lextran diffusion through the collagen getiire ibidi chemotaxis
p-slides over 40 hours depicted by micrograp@$ énd quantification of 4G8extran
fluorescence intensity across the width of the @l €. FBS concentration gradients
across the width of the collagen gel at 40 hours-gaslientformation.F. Magnetically
aligned collagen fibers in the-glides imaged by reflection confocal microscogy.
ctFIRE reconstructed fiber map overlaid on fiber micrographs shown . Angle
distribution of aligned fibers measured and quantifiedcHyIRE. Reported pvalue
pertains to a KS distribution test performed on fiber angle distributions filoee
biological replicateshowing the reproducibility of fiber alignment Bar plot showing
average fiber length in aligned and randomly organizdidgen samples. Error bars are
SEM.
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In order to incorporate the contact guidance cue in Hsfides, weuseda
previously published protocol of magnetically aligning collagen fibers using paramagnetic
microbeadqd33], [172]. Figure 20F is a representative micrograph of aligned collagen
fibers imaged with reflection confocal microscopy. The distribution of fiber angles is
guantified using ctFIE [173], which first generates a reconstructed fiber imdggure
20G) and then calculates the angle of each fiber in the field of view. As depidtepline
20H, the majority of the fibers irhe aligned samples are vertically orient€de Rvalue
of the KS test performed on angles of aligned fibers distribution suggests that our method
of aligning collagen fibers yields reproducible resditse length of the fiberd(gure 201)
is another oyttut of the ctFIRE showing no significant difference between the average

length of the collagen fibers in aligned versus-abigned samples.

While our experimental device only allovestablishing a horizontal chemical
gradient Figure 20A) across the celtontaining collagen gel, collagen fibers alignment
can be performed both vertically and horizontalyg(re 20B). Therefore, our setup
allowsfor stimulating directed cell migration under both orthogonal and parallelcdweal

conditions.
4.3.2. Charactéing 3D cell migration in random and aligned collagen fibers

In an orthogonalduat ue environment, an individual
is the only metric to indicate which ctige cell migrates towards. However, determining
the actual directionfamigration is not a trivial task, because cell migration is a process
that is accompanied withn extreme amount of stochasticity causing cells to show large

shortterm deviations from the direction of a guiding cue. In addition, as shofrigtuine
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20F-H, despitealigning collagen fibersthere is aminimum number ofnonaligned
collagen fiberghat cartemporarily guide the cells towadirections other than that of the
majority of the fibers (vertical direction). Hence, it is highly crucial to cangfull
characterize the 3D cell migration in our random and aligned 3D collagen gels in order to

elucidate the range of directions that correspond to contact guidance in our system.

To this purpose, we imaged FBF8T cells 3D migration in random and aligned
collagen fibers. Cells were labeled with a cytoplasmic marker (cell tracket)collagen
fibers were imaged via reflection confocal microscopy. In order to assess the relationship
between fiber angles and cell migration direction, we developed a cusitien
algorithm in MATLAB, Fiji, and ctFIREFigure 21). Inthefirst step, the algorithm selects
z-slices of the timdapse movies containing the celBdure 21A andB) and generates z
projected images of the fibeFifure 21C.i) and cell channeld={gure 21D.i). Next, the
fiber imagesaresegmented using ctFIREigure 21C.ii), and the cell cytoplasmic images
arethresholded to create a binary mask of the céligufe 21D.ii). The algorithm will
then multiply the segmented fiber images to their corredipgrecell binary maskdgure
21C.iii) removing any fiber that is not in contact with the dé#xt, he spatial information
of remainingcollagen fibes is used by the algorithm to calculate an average fiber angle.
The average fiber angleell shape Figure 21D.ii), and cell trajectory (acquired by
tracking the cellarethenused by the algorithm to extract thneectors of average fiber
direction, cell orientationand cell motion for every frame of the tifegpse movies

respectively Figure 21D.iii).
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Figure 21. Workflow of the developed algorithm analyzing the relationship between fiber
angles, cell orientation armkll motion A. A micrograph showing a HS78T cell (red;

labeled with cell tracker) in nealigned collagen fibers.he orthogonal YZ and XZ views

are used to assess whiclslizes contain fibers that the cell is in direct contact wath.
Fluorescent micrographs depicslices #6 and #7 containing fibers that directly interact

with the cell.C & D. The workflow of assesi ng Af i ber 0 da@vacths. icel |
This process includes the following 5 steps (numbered arrows): 1. Using ctFIRE to segment
the zprojected image of the fibers frormstices shown iB (C.i & ii); 2. Thresholding the
z-projected image of the kkéracker channeld.i) to get a binary image of the ce.{i);

3. Multiplying the binary image of the ceD(ii) with the segmented fiber imagé.i) to
acquirethe fibers that are in direct contact with the c€llii{); 4. Using ctFIREoutput to

calculate a length weighted average angle of the fibers that are in contact with the cell. The
average fiber angle will be used ¢alculatethe fiber vector D.iii); 5. Using MATLAB
functi on, Airegionpr ops 0, rigntatiorafrorh thencalltbinacya |l |y
image. Cell orientation vector will be assessed from the output of this funbtidn. (
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Figure 22 depicts the relationship between the extracted vectors frorldjpse
movies acquired from individual cells migrating in random and aligned collagen fibers.
Figure 22A and F show representative micrographs of cells migrating in random and
aligned collage fibers, respectively. In these micrographs, cell migration tracks are shown
with solid magenta linegigure 22B andG show a summary of the workflow and results
of our algorithm in extracting fiber, cell orientation, and cell motion vectors for five
representative frames within each cell migration track. Panels in the first réiguaife
22B and G depict cell binary images generated via thresholding of the fluorescent images
of the cell cytoplasm. In the second row, panels depict a reconstructed fiberkne
generated via ctFIRE. The algorithm only considers the fibers overlapping with the cell
shape to calculate a lengtfeighted average fiber direction. In the third row, panels depict
the fiber vectors (cyan), cell orientation vectors (red) and théraeks (magenta), which
will define the direction of cell motion vectors. This analysis is performed on more than 50

cell tracks per each condition.

Figure 22C and H show the distribution of the angle between fiber and cell
orientation vectors for cellmigrating in random and aligned 3D collagen. When cells
migrate within collagen fibers, they locally reorient thgli@4]. In order to monitor the
extent of this local fiber reorientation, two fiber vectors were calculated for each field of
view. One ofthe vectors corresponds to the fibers that overlap with the cell during the
migration (used in histograms indicated by red baFsgare 22C-E and3H-J). The other
vector corresponds to the fibers overlapping with the cell shape but sampled when the cell

has not reached the field of view yet (used in histograms indicated by bluadaes22
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Figure 22. Characterizing HS78T cells 3D migration in random and aligned collagen
fibers: A & F. Representative micrographs showing-5#8T cells migrating in random

(A) and alignedK) 3D collagen fibers. Cell cytoplasm is labeledh cell tracker (red)

and collagen fibers are imaged via reflection confocal microscopy (dya&) G.
micrographs showing a summaof the algorithm extracting éhvectors of fiber angse

cell orientatiorandcell motionin 5 representative frames numbered in the migration tracks
shown inA & F. C & H. depict the distribution of angles between fiber and cell orientation
vectors in randomQ) and aligned 1) collagen fibers respectivelyD & |. depict the
distribution of angles between cell orientation and cell motion vectors in raridjoamd
aligned () collagen fibers respectiveli£ & J. depict the distribution of angles between
fiber and cell motion vectors irandom E) and alignedJ) collagen fibers respectively.

The color of the bars represents the time of fiber sampling. Red bars correspond to sampling
the fibers when the cell is in the FOV and blue bars correspond to when the cell has not
reached the FOVet.
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C-E and22H-J). In random collagenFigure 22C), while the blue histogram is uniform

and does not show any correlation between the two vectors, the red histogram shows an
exponential distribution with a mean angle of.2id contrast, both red and blbstograms

in aligned collagen fibersF{gure 22H) show an exponential distribution in the angle
between fiber and cell orientation vectoffie nean angle of the red histogram in the
aligned collagen fibers is 24nd slightly lower than that of the ramly organized
collagen fibers showing that the two vectors have a slightly better correlation when cells

migrate in aligned collagen fibers.

Figure 22D andl represent the distribution of the angles between cell orientation
and cell motion vectors. Bottlistributions depict a strong correlation between the two
vectors independent of the status of collagen fibers structure, suggesting that cells mostly
migrate toward the direction that they are polarized tosvfik@d5]. This correlation is
stronger in aligned collagdibers which can be paytbecausein these conditions, cells
maintain a highly polarized spindli&ke shape Figure 22G, cell mask panels) making the
cell orientation analysis performed by MATLAB more consistent with the actual cell
polarization.Figure 22E andJ show the distribution of angles between fiber and cell
motion vectors in random and aligned collagen fibersaimdomly organized collagen
fibers, similar to histograms shown kigure 22C, the blue histogram shows a uniform
distribution while the red histogram shoarsexponential distribution. In comparison, in
aligned collagen fiberd={gure 22J), both distributbns are exponential and depict a strong

correlation between fiber and cell motion vectors with an average anglé-v190
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4.3.3. Assessing HS78T cells migration under rtue and singlkeue conditions

Before testing cell migration under dw@le conditions, we tested FEF8T cells
under necue and singkeue control conditiongzigure 23 shows a schematic view of cues
conformation Figure 23A, C, E, G, |) as wellas theirrepresentativecell migration
trajectories Figure 23B, D, F, H, J). Figure 24 depicts box plots showing distribution of
cell averagevelocity (Figure 24A), migration persistence in the direction theaxis

(contact guidance indekigure 24B), and migration persistence in the direotaf the x

A B

No-cue 300 Contact guidance 200
(€6)

G

Figure 23. Testing cancer cells 3D migration in -oge, singlecue and duatue
conditions: A, C, E, G, I. Schematics depicting collagen fibers conformation
(random/aligned) and distribution of FBS concentration ircu® @), contactguidance
(C), chemotaxisk), orthogonal duatue G) and parallel duatue () conditionsB, D, F,

H, J. Representative trajectories of cells migrating ircne 8), contact guidanced),
chemotaxisk), orthogonal duatue {) and parallel duatue J) conditions.
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Figure 24. Velocity andmigration persistencef cancer cells are affected differently in
tested duatue and singkeue conditionsA. Boxplot comparin@veragevelocity of cells
migrating in all the tested conditionBabular legend specifies existence/absence of fiber
alignment and FBS gradient in each condition. Vertical and horizontal fiber alignments are
denoted by (V) and (H) respective§.& C. Boxplots depicting migration persistence of
cells in the y (B; contat guidance index) and-axis C; chemotaxis index). *P<0.05,
**P<0.01, **P<0.001, ***P<0.001 as detected by studetest.
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axis (chemotaxis indef¥igure 24C). Figure 24A also includes a tabular legend where the
presence/absence of fiber alignment and FBS gradient, as well as the concentration of the

FBS, is indicated for all the tested conditions.

Cell migration under N&ue conditions Figure 23A and B) was tested in
uniformly distributed FBS concentrations of 1, 2, 5 and 10% (indicated by NC1, NC2,
NC5, and NC10 respectively). As shown kigure 24A, the averagevelocity of the
randomly migrating cells under raue conditions shows a monotonic increase with an
increasen the FBS concentrations. This behavior is previously reported as the dependence
of cells chemokinesis to the amount of available serum or growth fdt#0% On the
contrary, cells persistence valuesasiered by contact guidance and chemotaxis indices
show no significant variation as the FBS concentration chamfigsré 24B andC). On
these conditions, the values of both indices are relatively low (ranging from 0.1 to 0.2),
which is due to the Brownialike nature of the random migration underawe conditions

depicted inFigure 23B.

Representative migration tracks in the tested sing& conditions (contact
guidance and chemotaxiigure 23D andF) suggest that exposing HEF'8T cells to both
alignedcollagen fibers and FBS gradients stimulates directed migration. Such observations
are numerically confirmed irFigure 24, where contact guidance and chemotaxis
conditions are labeled with CG1 to CG 10 and Chl to Chl0, respectiglye 24A
shows that theaveragevelocities of contact guiding cells do not respond to FBS
concentration variations. However, chematacells showed an increase in thauerage
velocity when exposed to higher FBS gradient steepness véigese 24B shows that
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the contactguidance indices of cells exposed to contact guidance conditions are
significantly higher than those of cells migrating inrawe and chemotaxis conditions.
Similarly, Figure 24C shows that the chemotaxis indices of chematactlls are

significantly higher than those of cells exposed tecne or contact guidance conditions.

4.3.4. Cells exposed to duale conditions respond to both cues regardless of

orthogonal or parallel arrangement of the cues

Dualcue conditions containing both contactidance and chemotaxis cues were
tested in orthogonaF{gure 23G andH, Movie 13 and14) and parallel Figure 23l and
J) conformation of the cues. Tleragevelocity and directional persistence of the cells
are shown inFigure 24. In this figure, orthogonally arranged dualie conditions are
labeled with X1 to X10and the condition containing a parallel arrangement of the two
cues is labeled by P10. As shownFigure 24, while the instantaneous velocity of cells
migrating in orthogonal dualue conditions is the same as cells migrating in singlel
no-cue conditions, their persistence levels range between the persistence levels-of single
cue conditions. This suggests that the migration of the cells incdeatonditions is not
dominated by onef the cuesand both cues contribute guiding the cells. Inheparallel
arrangement of the cues, however, thragevelocity and persistence legalf the cells
are significantly higher than those of other tested conditieigsi{e 24). Results dejpted
in Figure 24 suggest that in both orthogonal and parallel arrangement of thewkial
conditions, both cues affect the directed migration of the cells. While parallel arrangement
increases all measured metrics of migration, the orthogonal arrangessetis in a
decrease in cell persistence levels compared to stogleconditions. The analysis
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reflected inFigure24, however, does not reveal the

directed migration in orthogonal dealie conditions.

4.3.5. Cdk in orthogonally arranged dualie conditions follow one cue at a time,

but may repeatedly switch from one cue to another during the course of migration

The direction of migration in individual cell tracks can be used to indicate the extent
of e a ccbntributiom to $he cell migration process in the orthogonally arranged dual
cue conditionsFigure 25A andC depict two representative cell tracks migrating in such
dualcue conditions. The cell track shownkigure 25A can be divided into two pieces
based on its direction of migration. In part i, the cell migrates vertically along the direction
of aligned collagen fiberkor the most partln part ii, the cell migrates towards the FBS
gradient. Similarly, the cell track depicted kigure 25C can be diided into multiple
vertical and horizontal pieces In these two examples, the direction of the straight line
connecting the beginning point of the cell tracks to their ending point does not capture the
exact direction of the cell migration. Instead, if each cell track could be diunded

multiple persstent (active) and nepersistent (passive) segments, we could measure the

ev

extent of each cueds contribution by measu

segment.

To this purpose, we applied a previously published Hidden Markov Model (HMM)
(Figure 25E and F) [176] to every individual cell trackThe HMM algorithm is a
probabilistic model that screens an entire cell track and breaks it intiplsnalctive and

passive segments based on changes in the direction of migFagjore 25B andD depict
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Figure 25. Breaking cell tracks into persistent and f@rsistensegmentwvia applying a
Hidden Markov ModelA & C. Representative raw tracks of cells migrating in orthogonal
duatcue conditions. I, the contact guidance and chemotaxis parts of the cell track are
labeled with i and ii respectivel & D. panels depict the output of the Hidden Markov
Model (HMM) with cell tracks shown iA andB as an input. Active and Passive segments
are shown with solid red and solid blue segments respectivef§chematic depicting an
example hidden sequence and its corresponding observed sequengs.cBedspond to
activestatesandBs correspond to BrowniastatesFs correspond tan observedorward
migration andRs refer toobservedmigration in reverse directioifr.. Steps of converting
observed sequence of a cell trajectory into a hidden sequerRec@hverting a celirack

into an observed sequenceRy andFs. (4) Assuming that an active status necessitates
forward direction and a passive status can result in both forward and reverse migration
direction, the ensson matrix will be formed. (5) HMM processes the alvsel sequence

and maximizes the likelihood of the observed sequence. (6) Finding the hidden sequence.
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the output of the HMM algorithm for the individual cell tracks showFigure 25A and
C. As depicted in botlrigure 25B andD, parts of the cell trackthat include a drastic
change in the direction of migration such as the stall poiRigare 25D are classified as

passive tracks (blue segments).

Figure 26A depicts the distribution of active segment angles for all tested
conditions. The distribution of segment angles incune conditions are very close to
normal distributions as the average and median values are very cloSeandtheratio
of segmentsn all four quartiles are relatively equal. In singlee conditions, the
distributions are skewed towartthe direction of the guiding cues (F0r contact guidance
andO °for chemotaxis). Interestingly, in contact guidance conditithesaverage anglef
the segments ranges fromP&d 63 which is highly in line with the average angle between
cell motion direction and aligned fibers that dractedn Figure 22J. In fact,theresults
reflected inFigure 22J validates the efficiency of the HMM algdrin in recognizing the
active pieces of the cell trajectories. The distribution of segment angles in orthogonal dual
cue conditions shows a slight skewness toward the contact guidance cue with average
angles ranging from 8@ 53. This shows that cellsithese conditions are maafected
by thecontact guidance cue. The distribution of angles in parallelaieatondition shows

an extreme skewness toward the direction of both cues with an average an§le of 29

Average angles of segments in singlee conditions can be used as criteria to
determine the guiding cue that each cell migration segment in orthogonatugual
conditions migrates towasdIn this regardFigure 26B shows a schematic depicting the
contact guidance (green) and chemotaxis (regipns in the duatue conditionsSegment
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Figure 26. Cells in orthogonal dualue conditions are affected by both cuesBoxplots
representing angle distribution of active migration segsiartested conditions. Average

and standard deviation of each distribution are written on top of each boxplot. Reported p
value pertains to a Kolmogorgymirnov distribution test performed on the selected
distributions. Angles are measured with respecthte xaxis B. Schematic showing range

of angles corresponding to contact guidance (green with horizontal lines) and chemotaxis
(red with vertical lines). C. Bar plots showing the percentage of migration segments
classified as contact guiding or chemoitagisegmentsError bars are shown as SEM.
Boxplots depicting the velocity of active migration segments. *P<0.05 and **P<0.01 as
detected by studertést.
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anglesranging from 0° to 38° are classified as chemotaxid those with angles ranging

from 61° to 90° are classified as contact guidance. The segwitntgles ranging from

38 to 61° belong to regions where the effect of both cues ovemajing itimpossible to
determinewhich particular cue has guidduktcells inthis region.Figure 26C depicts the
percentage of segments in the direction of contact guidance and chemotaxis in orthogonal
dualcue conditions. As concluded befaifegresults of this figure show that the cell tracks,

in orthogonal duatueconditions, are made of multiple contact guided and chenmtact
active segments (>80%). In all tested orthogonal -dual conditions, the number of
contact guidng segments are higher than the number of chemotasgments.
Interestingly, the ratio of the segments showing either of the cuesndb change by

changing the steepnesstb&FBS gradient.

Finally, Figure 26D depictthe velocity of the active migration segments in all the
tested conditions. Similao theaveragevelocity of the cells calculatedsingthe entire cell
tracks Figure 24A), thevelocity of the active migration segments in orthogonal «wed
conditions shows no significant difference compared to that of siragld necue
conditions.On the contrary,the migration segment velocities of the parallel doaé

conditions are significantly higher than that of all the tested conditions.

4.4. Discussion

Directed migration is an essential component of cacelkdissemination through
the tumorstromaand can beinducedvia severalphysical and chemical guiding cues
residing in the tumor microenvironmef@9]. While cancer cell direetl migration in

response to many of these cues is studied in isolgtif), few efforts have been made to
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characterize the directional migration when cells are stimulated with more than one cue at
a time[178]. In this work we studied the directed migration of the breast cancer cell line
HS-578T under both orthogonally and parallelly arranged contact guidance and chemotaxis
conditions. To this purpose, we employed a commercially available microfabricated
vitro chemotaxis device and incorporatbeé magnetic alignment of collagen fibers with
it.

Contrastingthe results of thprevious reports on necancer cell$169], [170] our
results indicate that in dualie conditions, both cues affect the directed mignatiacancer
cells and none of the cues dominate the direction of migration. Whilkeeiparallel
arrangement of the two cues, velocity and migration persistence values significantly
increased compared to those of single conditions, in the orthogonatangement of the
cues, cells maintained the same velocity as the smgeconditions but showed lower
migration persistence values. Using a robust image processing and stochastic analysis, we
were able to dissect and quantify the role of each cuehingwhal duatue environments.
We showed that cell migration tracks in these conditions can be divided into multiple
persistent pieces of contact guiding and chemiatawigration segments. Our findings
suggest that when cues do not point toward the sametidns, cells would most likely

follow only one cue at a time, but will switch from following one to another.

In order to characterize and understand the correlation betiveelirection of
collagen fibers and cell migration, we first imaged cell @ign in random and aligned
collagen fibers andextractedthe correlation between fibers average direction, cell
orientation and motion direction in both random and aligned collagen conformations.
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Using Fiji, MATLAB, and ctFIRE, we developed an algorithtftowing us to consider the
effect of every single fiber that cells were in contact with. We showed for the first time, to
the best of our knowledge, that not only in aligned collagen fibers but also in randomly
organized fibers cells direction of migraticorrelates withithe average direction of the
fibers that cells are in contact with. Howeuveryandomly organized collagen fibethe
average direction ofhe fibers varies spatiallyresulting in a nospersistent migration.
Previously, a similar obseation was reported showing that the direction of freshly grown
adhesive protrusions are contact guided even in randomly organized collaggtbgEls
Other quantitative analyses confirmed that in contact guidance, the direction of fibers
orientation and cémigration correlate with each othgr79], [180] but here, in addition

to showing the existeece of such correlation, we were able to measure the range of angles

between cell migration arttiefiber averagedirection

In line with previous observatiof%20], [181] our initial analysis on the cell tracks
showed thathe averagevelocity of cells migrating in ngue or chemotaxis conditions
increases with increasing FBS concentrations. In contrast, the velocity of the cells in
contact guidance conditions showed no correlation with increasing FBS concentrations and
were maintainedt the same level of the highest velocity measured-ituemr chemotaxis
conditions. One possible explanatisrthat in aligned collagen fibersell migrationdoes
not requireRho/ROCkgenerated contractility forcg83] which are correlated by the
amount of serum available to the c¢ll$4], [182] Moreover it is shown that the number
of new adhesive protrusions that cells generate when cultured in aligned matrices is

significantly lowe than those of cells cultured in randomly organized collagen fib&8.
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Hence, it can be inferred tham al i gned matri ces, -axelsl, O
functional protrusiong183] making them more efficient in spending their energy and

perhaps less dependent to its external sources.

In order to dissect the role of each cue in orthogonal dual cue conditions, a Hidden
Markov Model was applied to the cell tracks yielding multiple small persistent segments
from each trajectory. This model seviously applied to intercellular tracking data and
was used to distinguish whether particle movement at a specific point in a given trajectory
is in a passive Brownian or an active transport stafte76]. Applying this model to our
data allowed us to analyze every particular direction that cells actively and persistently
migrated toward during their migratiomhe average angle of the migration segrtgeim
singlecue conditions were then used as a criterion to classify migration segments in dual
cue conditions into chemotactr contact guiding segments. Our results confirmed that in
both orthogonal and parallel arrangement of the cues, both cuesthffemigration of
cancer cellsand no cue dominasthe directed migration of cancer cells. This observation
is in contrast with a previous report on endothelial ¢&lf4] where contact guidance was

the dominating cua the orthogonally arranged de@le conditions.

Finally, our results revealed that in orthogonally arrangedcluaktonditionscells
experience a wider dispersion angle compared to other tested con(itgame 27). Cells,
in orthogonal duatue conditions dispersedat an average angle of3% whereas the
dispersion angle in chemotaxis conditions was measured t@°b&w®:ha wider angle

increases the dispersion of the cells and increases the probabilities of cells covering more
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areas during #ir migration toward the source of chemical gradients. In contrast, the

parallel dualcue conditions showed a very narrow dispersion angle®f 29

In this study, we shed light on the directed migration of cancer cells when the
contact guidance and chenxigacues simultaneously stimulate directed cell migration.
Both orthogonal and parallel arrangement of the two cues were able to improve distinctive
aspects of cancer cell migration, namely dispersion levels and migration metrics (velocity
and persistencgyespectively. Our results highlight a new avenue through which tumor

tissue heterogeneity can foster cancer dissemination into tumor stroma.
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Figure 27. Contact guidance and chemotaxis synergize to increase cancer cell migration
efficiency. Schematicigures showing naue, singlecue and duatue conditions tested.
Angles shown are the average angle of the active migration segments extracted by the
Hidden Markov model. Velocity and persistence levels are based on data reported in

Figure 24.
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CHAPTER 5
CONCLUSION AND FUTURE DIRECTIONS

In this work we first established thahe cancer invasion process has two main
components, namely invadopodieediated ECM degradation and cell migration. We
showed thathesetwo evens are temporally exclusive and theavading cancer cells
cyclically switch among these two activitiddaving this observation, in this thesige
studied the effect ofvarious extrinsic (ECM crodinking, fiber alignment and
chemoattractant gradients) and intrinsic cues (cell cycler@ssipn) on these two
behaviors of invading cancer cells.

In the first aim of this studywe strived to characterize the role of ECM cross
linking ontheproteolytic activity of cancer cell8Ve showed that the effect of ECM cress
linking variations is @nsmitted to invadopodia dynamics Via integrin activation level.
One of thecrucial stegs of invadopodiacycle is the delivery of proteases such as MT1
MMP to invadopodia This process is tightly linked tine SOCEmediateddynamics of
cytosolic calciumconcentrationg12] such thatthe abrogation ofcalcium spikes halts
MT1-MMP delivery to invadopodia. In this regard, our findings showed that variations of
calcium spikes speetbrrelatewith that d invadopodia dynamig¢sncluding MT1-MMP
delivery rates. These findings suggest that there is a pathway connbetitypamics of
cytosolic calcium spikes to invadopodI@GAP1 is apolarity proteincolocalizing with
invadopodig5] andacing as adocking protein interacting with MFMMP containing
vesiclesthrough aCdc42/RhoAmediated pathwayl84]. The activity of IQGAP1 is
shown to beessential for invadopodia since it helfee @Il surface MTIMMP to
accumulag at invadopodifl84]. Interestingly, IQGAR hasa Calmodulin(CaM) binding
motif [185] which is aubiquitous intracellular messenger mediating'Ganaling Hence
further experiments can be performed to assess wHEIKP 1 moleculeis the missing

link between cytosolic calcium spikes and MVMP delivery to invadopodia
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As outlined in this aim, increasing ECM crdsing is accompaniedy increasing
the elastic modulus of the substratéence,further experimentsare needednh order to
assessvhether the effect of ECM crodsking variation on invadopodis related to the
mechanotransduction pathway. One way to test this is to decouple the ECNinkiogs
from its stiffness using interpenetrating networks of GELMA and collgg@nBeing able
to vary ECM crosdinking and stiffness independently allows us to assess whether the
effect of crosdinking on invadopodia is transmitted through a unique pathway or via
integrinrmediated mechanotransduction.

In thesecond aim of this thesiae showedhatcontact guidance cancer cellss
regulated by cell cycle progressisnch thatG1 cycling cells outperforme&/G2 cellsin
both migration velocity and persistencl contrast to contact guidance, randomly
migrating cells showed no coration between their migration metrics and cell cycle
progression.The reasonfor this contrasting behavior between contact mgdand
randomly migrating cells can be elucidated via further experiments. One avenue to tackle
this question could be looking the energy level of the cellfor cell migration is ahighly
energy consuming process. Cells invest this energy to propel their wgrachinery
which is an integration of several pathwagstrolling the growth of adhesive protrusions,
cell contractility andcytoskeleton dynamid®9]. There is strong evidence that all of the
mentioned pathways are affected by ECM archited@®g [113]. Moreover,cell cycle
phase progression directly affects the energy level of the cells as preparation for cell
division is also an energy consuming procds$snce, it is fair to sayhat cells are
continuouslyoptimizingthe level of theiactivities(migration and progression throutjte
cell cycle) to be able to perform baththemat a time. Therefordurther expements can
be performed to assess the energy consumption of tisenmtelé doing contact guidance

and random migration. Such information coyldld an explanation to why G1 cycling
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cells migrate faster and more persistent only when they are contaiggaid not in
randomly organized collagen fibers.

In the third aim of this thesis,we studiedcancercells directedmigration under
contact guidancehemotaxis duatue conditions. Westablished how cells migrate within
the dualcue environmentsand showed thatcells respond to both cues but not
simultaneously.However, further work is needed &stablish why cells switch from
following one cue to another. One way to answer this question is to mathematically model
the cell polarization machinery anelic migration in the duatue environments. The
pathways regulating cell polarization are very well studigdl], and quite a few
mathematical models are develofgedxplain the dynamics of this syst¢h86]. One of
the challenges of developing such a mod#b imtegrate all aspects of cell migration in a
dualcue condition (e.gcollagen structure, gradient steepness, cell polarization, stochastic
cell migration). However, should this challenge be addressed, the developed mathematical
model can be used towards explaining the behavior of cele alualcue conditions.

The results of this thesis need to be further testeskveral breast cancer cell Bne
aswellaon cell s from various cancer types in
findings.While theresults of the first aimreconfirmed in three various breast carcinoma
cell lines (MDA-MB-231, HS578T, and MTLn3) the experiments in tafollowing two
aims are onlyperformedon onesingle cell line (aim 2: MDAMB-231 and aim3: HS
578T). Several breast carcinoma cell lines with varying invasive capabilities as well as
cells from other cancer typesuch as melanomaan be testetb showwhether these
findings are cancdype-specificor they are generally observedathcancer cells

In general, e findingsof this work emphasize how tumor microenvironment
(extrinsic) propertiesand cell cycle progressiofiintrinsic) affect the process of cancer

invasion. Invading cellsontinuouslyprobke the variations irthe extrinsicproperties and
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they would respond to thewhepemling on thé currentcell cycle phase. An invading
cancer cell that switches from migration to invadidipmediated ECM degradatiomill
respond tahe ECM crosdinking level via the activity level of it81integrin molecules.
Next, this signal istransmittedto invadopodiapathways (possibly through outstde
signaling involvingalin molecules recrugd to invadopodi§B]), andthecell will degrade

the ECM to pave the way for the next migration cyélaother work from our lab has
shown thatthe cell cycle phase of the invading cells is also a determinant of the
invadopodia activitydvels[187].

The beginning o&migration cycle isnitiatedby sensing various guiding cues that
exist at the cell vicinityAligned collagerfibersalong with gradients of pH, oxygeand
soluble or ECM-bound growth factar are among guiding cues of migration that are
abundantly present in theamor microenvironmentHere, cells will respond tothe
existence of such cues using their polarization mm&ci. Ligation of gowth factor
receptors such as EGHR88] and formationof new focal contacts with the ECN1L89]
will locally activate polarization molecules Racl and Cdclxt, cells polarize
themselvesand migratetowards the direction od growth factor gradiendr adhesion
ligands Simultaneously, cells progress through the celle;yand alspthey might sense
other guiding cueattracting thentowards other directia As we established, cell cycle
progression drastically affects the contact guidance process but is less important when cells
perform chemotaxiBesides,ficells are exposed to parallelly arrangehtact guidance
and chemotaxis cugthe integrated response to sucleswould be asynergstic increag
in the cellvelocity and directionality. Any othearrangemenin the conformation of the
guiding cues wllresult in decreasing the directional@iyce cells switch from following

one cue to another.
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Directional migration of the cancer cetlgntinues until cellseach the perivascular
niche where high ECM crosmking stimulates the cells tewitch to imadopodia
mediated ECM degradatidacilitating the intravasation process .[@s outlined in the
second chapter of this thesis, this switch can be stimulatadibgreag inthe31 integrin
activity.

Cancer invasion is a multistep process which is tdteby several extrinsic and
intrinsic cuesThe tumor tissue complexignd genomic instability in cancer cefisovide
the invading cells with many external and internal cues affecting the efficiency of the
invasion process. Whildaving comprehensive lowledge of the cancer invasion is
necessary for finding an efficient clinical treatmeathieving this knowledgeemains
contingent uponthe development ofin vitro experimental models mimicking the

complexity of the tumor tissue.
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APPENDIX A
MOVIE CAPTIONS AND LEGENDS

Movie 1. MTLn3 cell switching from Migration to Invadopodia state.

Time lapse of CeruleacortactinMTLNn3 cells (left) cultured on Alexa 488elatin
(middle); overlay (right) used for measurementgrigure 1A-D. Centroid tracking is
shown in blue and representative invadopodia are marked with red circles (starting 380 and
810 minutes). At the beginning of the movies, cell is migrating across the gelatin layer and
assembles shalitved invadopodia pragsors. When the cell centroid become stationary,
the number of ECMlegrading invadopodia increases. Time between frames: 10 minutes.
Scale bar is 10 e&m.

Movie 2. MDA-MB-231 cell switching between Migration and Invadopodia states.

Time lapse movie acquirddom a CeruleaiLifeactH2B-GFR-MDA-MB-231 cell (left)
cultured on Alexa 488elatin (right). Centroid tracking is shown in blue and invadopodia
are denoted by red circles (Starting at 110, 370 and 520 min). Time between frames: 10
minutes. Scale bar 10

Movie 3. Oscillations of cortactin fluorescent signal in invadopodia

Representative example of time lapse recording of CerdedactinMTLNn3 cells (left)

on gelatin with 0.39 crodinking degree, used for cortactin oscillation measurements in
Figure 4B The cortactin punctae were filtered by Laplacian of Gaussian filter (right, Log

3d). Inserts zooAn to an individual invadopodium. Time between frames: 30 seconds.
Scale bars are 10 Om in the left and right

Movie 4. Absence of cortactin oscillations uporaé&tin polymerization inhibition by
Cytochalasin D.

Representative example of time lapse recording of CerdedactinMTLn3 cells (left)

cultured on gelatin with 0.39 creisking degree and treated with 4 uM Cygtwlasin D.
Invadopodia precursors, visible as cortactin punctae, were filtered by Laplacian of
Gaussian filter (right, Log 3d). Inserts zoemto an individual precursor. Time between

frames: 30 seconds. Scale bars are 10 um inthe leftand rightg@amels 5 e m i n t he

Movie 5. Dynamics of calcium spikes measured by FAuaM.

Representative example of time lapse recording of CerdedactinMTLNn3 cells on
gelatin with 0.39 crosBnking degree. Cells were loaded with Flud# and used to
measure calcium spikes iRigure 5A-D. Time between frames: 5 seconds. Scale bar is 10
e m.

Movie 6. Dynamics of MTIMMP vesicle delivery to the plasma membrane.

Representative example of time lapse recording 66ASI-MT1-MMP-pHIuorin cells on

gelatin with 039 crosdinking degree, used to measure frequency of delivery of MT1
MMP containing vesicles to the plasma membranégure 5E-G. Crosslinking degree

of 0.39 is shown. Time between frames: 30
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Movie 7. Smulation of EGF diffusion within the microchannels.

The results of the simulation of the formation and dynamics of EGHimesr gradient
within the microchannels is shown. Colors correspond to the EGF concentration indicated
in the legend. Time betwedérames 5 hours.

Movie 8. FUCCFMDA-MB-231 cells migration on 2D gelatin.

Time lapse of two representative FUGKEDA-MB-231 cells in G1 phase (left, red
nucleus) and S/G2 phase (right, green nucleus) of the cell cycle. Corresponding centroid
tracks arelsown in red and green. Time between framd@sminutes. Scale bar is 50 pm.

Movie 9. FUCCFMDA-MB-231 cells migration inside the microchannels.

Time lapse of two representative FUCGKBDA-MB-231 cells in G1 phase (bottom, red
nucleus) and S/G2 phase (togreen nucleus) of the cell cycle migrating inside
microchannels. Centroid tracking is shown in red and green. Time between:fl&mes
minutes. Scale bar is 50 pm.

Movie 10. Computational image segmentation and tracking performed by LEVER.

The movie is a mrged view of mKOzhcdtl (red, nucleus marker of G1 phase), mAG
hGEM (green, nucleus marker of S/G2 phase) and phase channels. Left panel depicts a
time lapse movie of FUCEMDA-MB-231 cells migrating inside vertically aligned fibers

of 3D collagen. Righpanel demonstrates results of cell segmentation via LEVER. Time
between framesl0 minutes.

Movie 11 FUCCFMDA-MB-231 cells migration in 3D collagen with random fiber
architecture.

Time lapse of two representative FUCGKEDA -MB-231 cells in G1 (red) andS2 (green)
phase of the cell cycle migrating within the isotropic 3D collagen fibers. Corresponding
centroid tracks are shown in red and green. Time betweendrathminutes. Scale bar is

50 pm.

Movie 12 FUCCFMDA-MB-231 cells migration in 3D collagenith vertically aligned

fiber architecture.

Time lapse of two representative FUGKEDA-MB-231 cells in G1 (red, left) and S/G2
(green, middle) phase of the cell cycle migrating in vertically aligned 3D collagen fibers.
Right panel is a merged view of rethKO2-hCdtl), green (mMAGhGEM) and phase
channels overlaid with corresponding centroid tracks. Time betweensfratheninutes.
Scale bar is 50 pm.

Movie 13 HS578T cells migration in the orthogonal cgale condition

Time lapse of HS78T cells migratiorin the ibidi chemotaxis 4slides incorporating a
vertical collagen alignment and a kdkright FBS gradient. Time between frames: 30
minutes. Scale bar 50 pm.
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Movie 14. A HS-578T cells migration in the orthogonal duale condition
Time lapse of HS78T cells migration in the ibidi chemotaxisglides incorporating a
vertical collagen alignment and a kedtright FBS gradient. Time between frames: 30

minutes. Scale bar 50 pum.
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APPENDIX B
CODES AND DATA PROCESSING PROTOCOLS

1. Combining and concatenating movies in Fiji

Multiarea timelapse data acquired from the Fluoview software and the Olympus
Confocal microscope are saved as single frame images. Thefsargkeimages need to
be first concatenated to acquire a movie, andltiag movies from all the field of views
(FOVs) need to be combined together to get one single movie showing the entire imaged

area.This duty can be performed by running the following code in Fiji.

4 /// Maximum Frame number: 50
5///17777777777771777717777777777777771777777177/7777777717/1777177711/

6 FOV=15; // FOV number

7 Frame=50; // Frame number

8 for (j=1;j<=FOV;j++) { // j counts the FOV number

9 open("/Volumes/TOSHIBA EXT/201905240rthogonal/Image"+j+"_01.0if");
10 open("/Volumes/TOSHIBA EXT/201905240rthogonal/Image"+j+"_02.0if");

11 //The "/Volumes/TOSHIBA EXT/201905240rthogonal" is the address

12 //in which the data of this example have

13 //been saved in. This address should be changed according to

14 //where data are saved in a local computer.

15 run("Concatenate...", " title=M"+j+" imagel=Image"+j+"_01.0if image2=Image"+j+"_02.0if image3=[-- None --1");
16 //Concatenating the first two frames of any FOV

17 for (i=3;i<=Frame;i++) { // i counts the Frame number

18 if (i<10) {

19 open("/Volumes/TOSHIBA EXT/201905240rthogonal/Image"+j+"_0"+i+".0if");

20 run("Concatenate...", " title=M1 imagel=M"+j+" image2=Image"+j+"_0"+i+".0if image3=[-- None --1");
21 }

22 if (1>9) {

23 open("/Volumes/TOSHIBA EXT/201905240rthogonal/Image"+j+"_"+i+".0if");

24 run("Concatenate...", " title=M"+j+" imagel=M"+j+" image2=Image"+j+"_"+i+".o0if image3=[-- None —-1");
25 }

26 }

27 }

28 //11117771177777777777177777777777777777777717717777777717/77777777117

29 /// In this part, the code combines the FOVs assuming that the Mosaic outline is
30/// a 5 by 3 MIA.

31 //771177777777777777777777771777777777777777777777777777771777177777

32 Row=5;

33 Column=3;

34 for (i=1;i<=Row;i++) { // counter of the Row elements in the MIA

35 //for (j=1;j<=Column;j++) { // counter of the Column elements in the MIA

36 a=(i-1)%3+1;

37 b=(i-1)*3+2;

38 c=(i-1)%3+3;

39 run("Combine...", "stackl=M"+a+" stack2=M"+b+""); // Combining the first two element of each row
40 run("Combine...", "stackl=[Combined Stacks] stack2=M"+c+""); // Combining the third element of
41 //each row with the first two elements

42 run("Duplicate...", "title=R"+i+" duplicate");

43 selectWindow("Combined Stacks")

44 close();

45 }

46 }

47 run("Combine...", "stackl=R1 stack2=R2 combine"); // Vertically combining the first two rows
48 for (j=3;j<=Row;j++) { )

49 run("Combine...", "stackl=[Combined Stacks] stack2=R"+j+" combine");

50 }
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2.  Tracking an invadopodium punctate and measuringzesfluctuations

This analysis is performed in order to measure the extensitaction speed of

invadopodia

a. Open the timdapse movie of the cell with the invadopodia marker (e.g.

cortactin)

b. Trackthe location of ainvadopodum via SpotTrackeplugin in Fiji and sag

invadopodia x and y coordinates in sepatx® files

c. Go to the first frame of the movie and run the following macro int&ifead

the variations irthesize of the invadopodia puncta.

1D=10; // the diameter of the oval drawn on the invadopodia to read its gray value.

2 // this diameter should be adjusted to the larger size of the invadopodium

3 // throughout the movie

4 stringX=File.openAsString("/Users/gligorijeviclab/Desktop/Final Cortactin Processing_Jan292016/X44.csv");
5 stringY=File.openAsString("/Users/gligorijeviclab/Desktop/Final Cortactin Processing_Jan292016/Y44.csv");

6 // The address in the above lines pertains to the folder where the x and y coordinates of the

7 // invadopodium are saved in. This address must be changed to where the x and y coordinates

8 // are saved in your local computer

9 // Each CSV file contains one column of x or y coordinates. Rows of the column correspond to the
10 // frame in which the coordinates are read.

11 C1 = split(stringX, "\n");
12 C2 = split(stringY, "\n");
13 n_xlines = lengthOf(C1);
14 xcoor=newArray(n_xlines);
15 for (n=0; n<n_xlines; n++)

16 {
17 xcoor[n] = C1[n];
18 H

19 n_ylines = length0f(C2);
20 ycoor=newArray(n_ylines);
21 for (m=0; m<n_ylines; m++)

22 {

23 ycoor[m]= C2[m];

24 }

25 for (i=0; i<n_xlines; i++)

26 {

27 makeOval(xcoor[il-D/2,ycoor[il-D/2,D,D);
28 run("Measure") ;

29 run("Next Slice [>]");

30}

31 run("Next Slice [>]");
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d. Copy he resulting list of gray valuesver timeto an excel sheet for further

analysis.

e. Repeat ®p b with a coordinate data from the cell cytoplasm that does not

includeanyinvadopodia.

f. Subtracthe resulting gray values from step d from those acquired in step b (the

background subtractiorep).

g. Run he followingMATLAB code on the background data acquired in step d.
This code applies a Fast Fourier Transform analysis on the background data to
find the frequency of the noise recorded in the movies. The frequency
corresponding to the peakthie FFT plot drawn by this code is selected as the

noise frequency.

clear all

data=input( ‘'data: ); % data recorded in step d will be
% copied and pasted here

Y=fft(data); % Applying the Fast Fourier Transform to the data

[ n,nn]=size(data);
Fs=1/30; % Imaging frequency (30 second); vary this value according
to
% your imaging interval
L=(n);
T=1/Fs;
t=(0:L - 1)*T;
P2=abs(Y/L);
P1=P2(1:L/2+1);
P1(2:end - 1)=2*P1(2:end -1);
f=Fs*(0:(L/2))/L;
PowerSpec=abs(P1.72);
figure;
plot(f,PowerSpec)
axis([0 0.3 0 100])
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h. Repeat step f on the data recorded in step b (gray value variation of the

invadopodia)

i. In MATLAB workspase double click on variable Y (FFT of the data), and set

any value beyond the noise frequency equal to zero.

j. In MATLAB, apply an inverse Fast Fourier Transform (ifft) to the modified

FFT data in step Andrecord the denoised invadopodia gray value vaniati
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3. Extracting average angle of the fiberserlapping with a cell

The input data here includes micrographs containing a channel showing the cell

cytoplasm (imaged through labeling the cells wgtieencell tracker), and a reflection

channel depicting the conformation of the collagen fibers.

a.

d.

Segment théibersusingctFIRE.ctFIRE makes a folder in the directory where
the original fiber image is savédfi F i b e r |. Tina fplder willichbntaih all
the information that is going to be used in the next steps to calculate the

direction of the fibers.

Open the micrograph in Fiji and use the point tool to find the coordinates of the
center of the cells. It is not important to be accusdtlis step. Recorthe x

and y coordinate of the cell for the next steps.

Use the threshold tool in Fiji and make a cell mask from the cell cytoplasm
image. Save the cell mask in the same directory where the fiber image is saved
(ABG.ti f o)

Run The following code to extrathie average angle of the fibers that are in

direct contact with the cell

clc

I=imread(

e, X,Y);

clear all
Fiberimage= 'Fiberlmage.tif'

MainFolder= ‘/Users/kamyar/MainPath’ ;% Change this address to your
NewFolder=fullfile (MainFolder, 'ctFIREoutl’ );

cd(NewFolder)
FiberAverageAngle=FiberAverageAngleer(NewFolder,MainFolder,Fiberimag

BG.Gif );

% local directory
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IN_Func_FiberAverageAngle=FiberAverageAngleer(NewFolder,MainFolder,F
iber,X,Y)

S=[X,Y];

s=floor(S);

myFiles = dir( fullfile(NewFolder, *.mat' ));

c=struct2cell(myFiles); % Reading .mat files in the AmyFiles
directory

myFiles2 = dir(fullfile(NewFolder, * tif' N;

c2=struct2cell(myFiles2); % Reading .tif files in the fAmyFile

%directory

cd(MainFolder)
BW=imread(F iber); BW=BW/255;
cd(NewFolder)

load(c{1,1});

fiberimage=imread(c2{1,1}); [h,w,j3]=size(fiberimage);
Fiber=zeros(1024);

=1
[Fiber,OldFiber]=R1FiberMatrixMaker(Fiber,data,s,BW,jj,w,h);

[L1,Al]=LengthAngleCalculator(Fiber);

IN_Func_FiberAverageAngle (i=AngleAvger(Al,L1);

[FiberMatrix,OldFiberMatrix]=R1FiberMatrixMaker(Fiber,data,s,BW.jj,w
idth,height)
width==400
Xtrans=s(1) - 200;
Xtrans<0
Xtrans=0;

s(1)<300
Xtrans=0;
s(1)>700
Xtrans=s(1) - 200;

height==400
Ytrans=s(2) - 200;
Ytrans<0
Ytrans=0;

s(2)<300
Ytrans=0;
s(2)>700
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data.Xai(:,1)=floor(data.Xai(:,1))+Xtrans+1;
of the fibers
data.Xai(:,2)=floor(data.Xai(:,2))+Ytrans+1;
[n,nn]=size(data.Fai);
kk=1;
j=1:nn
Fxy=data.Fai(j).v;
[m,mm]=size(Fxy);
test=0;
k=1:mm
Fxyk=Fxy(Kk);
Fx=data.Xai(Fxyk,1);
Fy=data.Xai(Fxyk,2);
Fx<1
Fx=1;

Fx>1024
Fx=1024;

Fy<1
Fy=1;

Fy>1024
Fy=1024;

BW(Fy,Fx)==
Fiber(Fy,Fx)=jj;
test=1;

==mm
Ji=i+L;

test==1
ji=j+L;
test=0;

FiberV(Fy,Fx)=KkkK;
kk=kk+1;

FiberMatrix=Fiber;
OldFiberMatrix=FiberV;

[L,A]=LengthAngleCalculator(Fiber)
m=max(max(Fiber));
L=zeros(m,1);
A=zeros(m,1);
j=1:m
[y, x]=find(Fiber==j);
[n,nn]=size(x);
initD=0; MaxD=0;
n>1
ii=1:n
jji=1:n
initD=sqrt((x(ii) - x(p)h2+(y(ii)

% fixing the x position

% Fixing the y position

-y(ii)"2);
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MaxD=initD;
headX=x(ii); headY=y(ii);
tailX=x(jj ~ ); tailY=y(jj);

L(j)=MaxD;
tailX=tailX - headX; tailY=tailY - headY; tailY= - tailY;
angle=atan2d(tailY,tailX);

angle<0

angle=angle+180;

A(j)=angle;

AvgAngle= AngleAvger(AngleMatrix,FiberLength)
[n,nn]=size(AngleMatrix);
S=sin(AngleMatrix*pi/180);S=S.*FiberLength;
C=cos(AngleMatrix*pi/180);C=C.*FiberLength;
CartMeanY=(sum(abs(S)))/n;

CartMeanX=(sum(abs(C)))/n;
sum(S)<0
CartMeanY= - CartMeany;

sum(C)< 0
CartMeanX= - CartMeanX;

AvgAngle=atan2(CartMeanY,CartMeanX)*180/3.14;
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APPENDIX C
EXPERIMENTAL PROTOCO LS

Fabrication of PDMS micichips containing microchannels for the 2D

contact guidance assay

a. Make a 10:1 mixture of PDMS:curing ageBtofv Corning, Midland, MI) in a
plastic cup. Usually 36 grams of PDMS and 4 grams of the curing agent is

enough for one PDMS casting.
b. Vigorously stir the mixture for 5 minutes.

c. Put the PDMS rnixture in a vacuum desiccator for 45 minutes to remove the air

bubbles
d. Cast the mixture on the silicon master containing the microchannel design
e. Incubate the PDMS mixture if0 °Cfor 1 hour.

f. Peel off the PDMS from the silicon mask. After peeling the FDlttach a
piece of transparent tape on theerochannel side of the PDMS. This will stop

microchannels from collecting dust and particles.

g. Cutthe peeled PDMS bulk into singi@crochip pieces with the microchannels
being in the middle. Since the silicarafer contains an array of 10 microchips,
each PDMS casting yields 10 separate devices, each of which containing an

array of 20 microchannels.

h. Punch two holes through each PDMScrochip at the two ends of the

microchannels using armm biopsy punch.
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Steilize the PDMS microchips by immersing them in 70% ethanol for 15

minutes.

Remove the microchips from ethanol anaksiv then by immersing irsterileDI

waterfor 10 minutesRepeat this step twice with fresh DI water.

Let themicrochipsto dry out under a cell culture hood and put eadtrochip
in the center of a well of awell plate. The microchannels must face the bottom
of the wells.All the following steps have to be performed in the cell culture

hood.

Using a pair of tweezerpress tlke microchipdo the well to make sure that they
are bound together. If done properly, devices should not drop by inverting the

6-well plate.
. Prepare a 0.01% gelatin solution in PBS.
. Pipette80 pl of the gelatin solution in each hole of the PDMi8rochips

. Put the entire @vell plate in a vacuum desiccator for 2 hours. The vacuum
forces the gelatin solution to flow through the microchannelscaa# them
with gelatin. This step is crucial, for it transforms the hydrophobicity of the

PDMS surface ta hydrophile state.

. Remove the gelatin solution from eaaficrochipand wash them witkterile
PBS Incubate the devices with PBS for 15 minutes in the vaaamditions

Repeat this step three times.
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g. Pipette 80 pl of 70% ethanol in each hole of the PDM&ochipsand incubate

them in vacuum for 15 minutes (Final sterilization step).

r. Remove the ethanol from eaahicrochip and wash them with sterile PBS.
Incubate thenicrochipswith PBS for 15 minutes in the vacuum. Repeat this

step three times.

s. At this gep, themicrochipsare ready for the experimenilternatively, he

devices can be maintained in the fridge for a month.
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2. Establishing a duatue 3D cell migration chamber in ibidi chemotaxis

U-slides by aligning collagen fibers inside the devices.

a. A day before seeding the cells and conducting the experiment, place all cell
cul t ur e no4deiaad,plugs mte theincubator for gas equilibration.
To makea humidifying chamber, place a i€ dish inside a 16m plate.Fill
the space between the walls of the disheswith Kimwipes and wethem
with sterile PBS or watePlace the slide and the plugsside the 1&mplate
The medium should be put into FACS tubes. Btepwill preventformation

of air bubbles in the media and the collagen gel during the experiment.

b. The night before the experimentasre the cellsising an FBSree medium
Change the culture media of the adherent cells of interest with same volume of
starvation medigDMEM containing 0.1% BSA and 1% pen/stre@efore
adding the starvation media, wash the plate with PBS to make sure that the plate

is free from any residual FBS.

c. In the day of the experimertg k e -Slides out of the incubator and place
them on iceThis step will reduce the variability in the gelation time between

each channel.
d. Label the cells with cell tracker (Invitrogen C7025):
I. Make 5 ml of starvation media containing 2 uM cell tracker.

il Remove the starvation media from the plate in which the eeds

cultured and pipette the cell track®yntaining starvation media into it.
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iii. Incubate for 30 minutes

. Trypsinize and harvest the labeled cells. (Note that since harvesting is done in
starvation media, trypsin is not deactivated. Hence, quickly proeeext

step)

Spin the cells down and resuspend them in 100 pl starvatiormamedi
. Count cells and calculate the cell density.

. Determine the volume dhe cell solutionX) containing 35,000 cells

Prepare a 50 pl cefiollagen mixture containing 1.5 mg/ndollagen,

paramagnetic microbeads for collagen alignment and 35,000 cells:
1. 5ul10x PBS

2. Cul collagen from stock solution

(C ul * collagen stock concentration in mg/ml = 50 pl * 1.5 mg/ml)
3. 1 uledraptavidin coated paramagnetic microbeads (Bang Lab BM551)

4. Npl 0.2 N NaOH solution

N=C=*0.023*5
5. M ul starvation media
M=50T 57T C7T 1T NT X
6. Mix the solution vgorously and avoid air bubble formation

7. Add X pl of the cell suspension solutiom the collagen mixture.

8. Mix well and incubate on ice. Avoidubble formation.
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j. Take theibidi chemotaxis micro slides from ice and place on the tissue culture
hood surface. Usg a pair of tweezerslose filling ports C, D, E and F with

the plugs. Insert the plugs into the ports and gently push with tweezers

k. Using special pipette tips (Fisher Brand®027-4 2 2) , drop 6-¢l of

cell mixture to the top of port AFigure A).

Figure A. Pipetting collagertell mixturein port A of the ibidi chemotaxis-u
slide. Image taken from ibidi website (ibidi.com)

I.  Immediately afterwards, using the same pipette and tip, gently insert the tip into
the port B and aspiratthe air. Thecollagencell mixturefrom port A will be
flushed insideghe channebetweenport A to port B filling the entire channel

homogeneously. Aspirate until th@xturereaches the pipet tifrigure B).

m. Before the gel is allowed to polymerize, insert and immediately remove the
plugs from ports A and B. This removes residual gel inside the ports, thereby

restricting the gel (and its polymerization) to the channels only. If collagen is
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Figure B. Aspirating collageftell mixture from port B of the ibidi
chemotaxis slide. Image taken from ibidi website (ibidi.com)

left inside the ports, it will polymerize in a continuous complex with the gel
inside the channels. The insertion of the plugs after polymerization will disrupt
the gel inside the ports, which by extension, may damage the alignment and the

gel inside the channels.

. Place the magnet in the hood on its long and narrow side.-Sha@gushould be

placed with its long side adjacent to the magmet incubate for 12 minutes
. Loosely plug the filling port&\ andB.
. Gently remove the plugs from ports E and F.

.Fillinke fieservoir (right reservoir) b
free starvation medium through Port E. With the left hand, lift the slide and hold

it at 30 angle facing you. With the right hand, pipette the media into the port,
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so that the liquidravels upwards without trapping any air bubbles. Regular

pipette tips are used in this stépgure C).

Figure C. Filling t hehchanobattraclarrecerediar Imageé r  wi t
taken from ibidi website (ibidi.com).

r. Usinga pair oftweezersclose filling ports E and F with the plugs.

s. Fill the Asourceodo reservoir (lef-t rese

free medium through Port Eigure D).

Figure D. Fi | | i n gredervoir wificBeonoattractasiree media. Image
taken from ibidi website (ibidi.com).
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t Drop 32.5 ¢l 2ckntamihgenmedia the opaning @& port C

(Figure E).

-

Figure E. Adding 2Xchemoattractantontaning mediadot he fA Sour ceo r e:
Image taken from ibidi website (ibidi.com).

u. Using the same pipette settings and the same tip, insert the tip in thegoatt D

a pir at medd EFigwe Fi |

Figure F. Aspirating media from port D to flushing the 2X chemoattractant
containing media i ntnwmgettaken frofinsimdu websged r e s
(ibidi.com).
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v. Putthe pslides in an incubator for 1 hour and then start imaging cell migration

in the devices.
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