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Abstract

Cell migration and multicellular interactions are essential fa the formation and
maintenance of tissue strudure. The dysregulation of these processes also contributeso
developmental defects and pathological processes. A prominent question is how
biochemical and biophysical information, which acts at the level of an individual cell , is
transmitted and integrated by neighboring cells to yield coordinated behavior. In a
processknown as collective cell migration (CCM), mechanical coupling of cells is
thought to play a key role in coordinating migration across many cell lengths.
Mechanocoupling refers to the mechanical integration of cell-cell adhesions and the
contractil e actomyosn network . While pertinent si gnaling pathways have been
identified that mediate CCM, the mechanisms involved in mechanocoupling at the
molecular level are poorly understood. Progress in the field has been limited due to the
molecular complexity of adhesion structures and technical limi tations of measuring in
vivo mechanicsto identify mechanosensitive elements. Therefore, a central but
understudied phenomenon in cell migration is the study of mechanocoupling. The
overall premise of this proposal is that we canuse a nav type of force -sensitive
biosensor to identify proteins responsible for mediating mechanocoupling. The
advances from this approach will fun damentally advance our understanding of CCM

and open new doors for the manipulation and contr ol of CCM.



The force-sensitive biosensor used in this work was aF rster resonance energy
transfer (FRET)-based tension sensor, whth enables the measurement of molecular-scale
forces across proteinsbased on changes in emited light . We focusedspecifically on the
role of vinculin in mediating mechanocoupling for two important reasons. Firstly,
vinculin is the only protein known to localize to both FAs and AJs in response to
mechanical loading. Secondly, vinculin activity can be regulated by multiple kinases
through site -specific phosphorylatio n. However, the implicati ons of vinculin regulation
by these kinaseshas not been fully elucidated. As the reliability and reproducibility of
measurementsmade with FRET-based tensionsensorshas not been thoroughly
examined, we first developed numerical methods that improve the accuracy of
measurements made using sensitized emission-based imaging. To establish that FREF
based tension sensors are versatile tools that provide consistent measurementswe then
used these methodsto demonstrate that a vinculin tension sensor is unperturbed by cell
fixation, perme abilization, and immunolabe ling. This suggested FRET-based tension
sensorscould be coupled with a variety of immuno -fluorescent labeling techniques for
future investigations into mec hanocoupling . Additionally, a s tension sensos are
frequently employed in complex biologic al samples where large experimental repeats
may be challenging, we examined how sample size affects the uncertainty of FRET

measurements. In total , this ground work established useful guidelines to ensure precise



and reproducible measurements for studying mechanics in CCM using FRET-based
tension sensors.

To investigate the mediators of mechanocoupling in CCM, epithelial sheet
migration was studied because it is characterized by longrange coordination and,
presumably, high mechanocoupling. Two epithelial cell lineswere subjected to a non
wounding 2D migration assay and found to exhibit stark differences in migratory
characteristics, including speed and velocity correlations . The pertinent subcellular
structures for mechanocoupling, namely focal adhesions (FAs), adherens junctions (AJs),
and the actomyosin cytoskeleton, appeared to contribute to thesedifferences. A
significant finding was that actin belts, traditionally associated with long -range coupling
in developmental events, did not lead to global coordination within a migrating layer.
Instead, measurements of vinculin tension demonstrate d that vinculin mechanocoupling
was associated with long-range coordination throughout a migrating layer and the
formation of a pluricellular actin network. Interestingly, vinculin was shownt o act as a
mechanocoupler throughout a cell s cytoplasmic actin network, demonstrating a
previously unappreciated role of vinculin. Universally, v inculin mechanocoupling
involved actin int eractions and required a head-specific site known to interact with a
variety of binding partners including talin, ¢-catenin, Y-catenin, and Y-actinin. As
vincul in can undergo head-tail autoinhibition, its conformation was evaluated. These

findings indicat ed that vinculin was differentially regul ated. By probing the role of three

Vi



kinases, it was found that serine phosphorylation by Protein Kinase C (PKC) is an
important regulator of vinculin mecha nocoupling .

In summary , we propose that long-range coordination during CCM can be
mediated by mechanocoupling of a supracellular actin network . Based on our findings,
vinculin mechanocoupling is associated with the emergence of this supracellular
network. Furthermore, serine phosphorylation appears to play a previously
underappreciated role in regulating the mechanical integration of migrating cells. These
advancements serve asan important step toward better understanding the physical

mechanisms of CCM.
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1 Introduction

Cell migrati on is acritical process for the establishment and maintenance of
tissues within multicellular organisms [1]. Individual cells migrate by coordinati ng the
assembly/disassembly of specialized adhesions with the generation and transmission of
actomyosin-based forces[2]. The pertinent signaling pathway s and physical
mechanisms whi ch mediate single cell migration have been well-studied [3]. A common
but lessunderstood type of migration is collective cell migr ation (CCM), the coordin ated
migration of many cdls, which occurs in processesranging from embryo development
to wound healing . A prominent question is how biochemical and biophysical
information, which acts at the level of an individ ual cell, is transmitted and integrat ed
by neighborin g cells to yield coordinated behavior. In CCM, mechanical coupling of
cellsis thought to play a key role in coordinating migration across many cell lengths.
Mechanocoupling r efers to the mecharical integration of cell-cell adhesions and the
contractile adomyosin networ k. While pertinent si gnaling pathways have been
identified that mediate CCM, the mechanisms involved in mechanocoupling are poorly
understood. Progress in the field has been limit ed due to the molecular complexity of
adhesion structures and technical limitations of measuring in vivo mechanicsto identify
mechanosensitive elements. Therefore the overall premise of this proposal is that we
can use a nav type of fo rce-sensitive biosensor to identify proteins responsible for

mediating mechanocoupli ng. The advances from this approach will fun damentally



advance our understanding of CCM and open new doors for the manipulation and
control of CCM.

Chapter 2 of this dissertation intr oduces cell migration and presentsinformation
on the pertinent concepts motivating this work . In particular, this chapter addresses the
roles and imp lications of mechanics, specifically molecular mechanics,in CCM. The
background provided focus es on mechanics in the context of the actomyosin network,
focal adhesions (FAs), and adherens junctions (AJs), which are three important
mechanical structures for CCM. This chapter also introduces the force-sensitive
biosensorsused to measure protein load, conformation, and dynamics that allow for an
enhanced understanding of how m olecular mechanics shgpe cell behavior. Lastly, there
will be a discussion on the choice to focus on the adhesion protein vinculin, wh ich is
implicated as a critical force transduction element due to its known p hysical and
biochemical interactions.

Chapter 3 covers methods for the imple mentation of F rster resonance energy
transfer (FRET)-based molecular tension sensors the tools used in this thesis for
measuring molecular loads. The work in this chapter was motivated by inco nsistent
molecular tension senor measurements present in the literature and a lack of clear
guidelines for their i mplementation . First, we go into the development of numerical
methods that improve the accuracy of measurements made using sensitized emission-

basedimaging, a common imaging modality for FRET imaging. To establish that FREF



based tension sensors are versatile tools that provide consistent measurementswe then
use these methodsto demonstrate that a vinculin tension sensor is unpertur bed by cell
fixation, permeabilization, and immunolabding. This suggeds FRET-based tension
sensorscould be coupled with a variety of immuno -fluorescent labeling techniques for
future investigations into mec hanocoupling . Additi onally, as tension sensors are
frequently employed in complex biolo gical sampleswhere large experimental repeats
may be challenging, we examine how sample size affects the uncertainty of FRET
measurements. In total , this Chapter establishes useful guideli nesto ensure preciseand
reproducible measurements for studying me chanics in CCM.

In Chapter 4, we investigate the molecular mediators of mechanocoupling in
CCM. We began by studying two epithelial cell lineswhich were found to exhibit stark
differences in migratory characteristics, including speed and velocity correlation s. A
significant finding was that actin belts, traditionally associated with long -range coupling
in developmental events, did not lead to global coordination within a migrating layer.
Instead, measurements of vinculin tension demonstrate d that vinculin mec hanocoupling
was associated with the formation of a pluricellular actin network and long-range
coordination during CCM . Interestingly, we discover a novel function of vinculin in
mechanocoupling a cells actin network outside of FAs and AJs We observe tha
vinculin mechanocoupling requires a head-specific Ste known to interact with a variety

of binding partners including talin, ¢-catenin, Y-catenin, and Y-actinin. As vincul in can



undergo head-tail autoinhibition, we evaluated its conformation using a conformation -
sensitive biosensor. Our findings indicated that vinculin was differentially regul ated, so
we probed the role of three known kinaseswhich act on vinculin. | t was found that
serine phosphorylation by Protein Kinase C (PKC) is an important regulator of vinculin
mechanocoupling . In summary , Chapter 5 demonstratesthat long-range coordination
during CCM can be mediated by mechanocoupling of a supracellular actin network .
Based on our findings, vinculin mechanocoupling contributes to some degreethe
emergence of this supracellular network. Furthermore, serine phosphorylation appears
to play an underappreciated role in regulati ng the mechanicalintegration of migrating
cellsindependent of actin belts.

In Chapter 5, we reiterate our findings and discuss how t hese advan@ments
serve asan important step toward better understanding the underlying mechanisms of
CCM. Addition ally, this chapter explores a variety of future applications that the field s
of mechanobiology, biophysics, and developmental biology are poised to addressed. We
end this chapter by discussing the broader implications of this wo rk and its importance
to various scientific disciplines.

Overall, this dissertation provides an enhanced understanding of the molecular
regulation of mechanocoupling and its implications for CCM. This is an important
advancement because progressin recentyears hasbeen limited by both the complexity

of adhesion structures and technological limi tations of measuring protein loads.



2 Background
2.1 Cell migration in biology

Cell migrat ion is essentid for constructing and maintaining the structural
organization of multicellular organisms [4]. In single cells, the two most common forms
of cell migration are amoebadd and mesenchymal migration . Amoeboid migration is
driven by cytoskeletal polymerization or membrane ble bbing and is characterized by
weak adherence tothe extracellular matrix (ECM) [1, 5]. In contrast, mesenchymad
migratio n is defined by strong adherence to ECM proteins through adhesion structures
[1]. While amoeboid migratio n plays important roles in biological processessuch as
immunosurveillance [1], mesenchymal migratio n has been more heavily studied because
it is more frequently observed in vivo [5]. In mesenchymal migration, t he ability of a cell
to migrat e relies onthe coordination of adhesion stability and cell contractility. If
adhesions areslow to remodel, then cell movement is slowed [1]. Likewise, if cell
contractility is distributed unifor mly, then cell movement does not occur. Therefore,
migration requires a balance of adhesionremodeling and distribu ted cell contractility.
Most often, external factors such as chemoattractantsnfluence this balanceto alter cell
polarity and mediate migration.

Most cellsin vivo are strongly adhered to other cells through cell -cell adhesions.
This is egpecially true of epithelial tissues. Traditionally, cell-cell adhesions were

thought to be prohibitive to cell migr ation and critical for main taining tissue structure.



In certain contexts, it was observed that epithelial cells could migrate in a process
termed the epithelial -to-mesenchymal transition (EMT) [6]. In response to external
factors, such as TGFd au other grow th factors, epithelial cells would downregulate
epithelial markers and upregulate mesenchymal ones. This switch in phenotype was
associated with the disassanbly of cell -cell adhesions and increasein cell migrat ion.
EMT has been shown to play important rol esin developmental events and cancer
metastasis[6]. Through numerous studies, the induction and underlying mechanisms of
EMT appear highly tissue- and cell-type specific [6].

More recently, researchers have begun to appreciate that celicell adhesions are
not prohibit ive to cell migration. In fact, cell-cell adhesions are critical for the
development, maintenance, and loss of tissue structure which underlie numerous
developmental, physiological, and pathophysiological processes[7-9]. For example,
cancer cell invasion and metastasiscan involv e the emergence ofinvasive collectively
migrating cell strands and str eamsfrom a static tumor mass, as opposed to the
dispersion of individual cells described by EMT [10, 11} While the un derstanding of cell
locomotion has been extensively devebped through the study of single cell migration,
current knowledge is insufficient for describing the coordinated migration of physically
interacting cells, aptly referred to as collective cell migration (CCM) [12, 13] Similar to
interest in EMT, researchers are particularly interested in understanding what mediates

the switch from a relatively static cell population t 0 a migratory one and how cell-cell



adhesions play a role in signaling and force transmission. As CCM plays a role in more
in vivo processesthan single cell migration, there is a significant need to better
understand this fundamental process.

While biochemical factors contribute to the regulation of CCM [14], a central but
understudied phenomenon is the regulation of cellular force generation and adhesion
between cells. To cooperatively migrate, cells maintain cell-cell adhesionswhile
engaging in a tug-of-ware-like process with neighboring cells. Depending on the
biological system, cell-cell interactions can result in coordinated migration spanning tens
or hundreds of microns [15, 16] Unfo rtunately, how cells maintain adhesions while
transmittin g forces iscurrently unclear . In mechanical systems, a mechanical linkage
connects and transmits forces between two components. In this context, the linkagehas
a straight-forward function and is in sensitive to perturbation s, such as the applied force.
In biological systems, this is not the case Biological structures are highly complex
because linkages are dynamic structures. The dynamics of FAs and AJs deped on the
on/off binding kinetics of their components. Interestingly, mechanical linkages in
biological systems respond (e.g. change size, composition, etc.) to both biochemical and
biophysical regulation, such as the application of force [17-20]. In some @ses, force
applied across an adhesion results in disassanbly. In others, force across an adhesion
results in stability or assembly. Thus, deducing the important regulatory pathways

involved in maintaining biologic al linkages is challenging. One hypothesis is that



diff erential recruitment of proteins to key structuresor activation of proteins within key
structure s regulates adhesion dynamics when subjected to CCM-induced forces.
Understanding the key mechanisms is critical because it could help explain changes in
tissue behavior, such as the emergence of cancemetastasis or initiation of wound
healing, and permit the manipulation of CCM -mediated processes

The identification of key mechanosensitive proteins in CCM is an active area of
researchasscientists begin to determine the multifaceted biochemical and biophysical
roles of the many proteins known to constitute adhesion structures [21, 22] Progress in
the field is lim ited by the molecular complexity of cell -cell adhesions and a poor
understanding of which compone nts are mechanosensitive.To identify which proteins
serve important mechanical roles in CCM, aprimary challenge is the lack of
technologies for measuring protein loads in vivo. In recent years, howewer, tools for
measuring protein loads in vivo have emerged to address a growing need in determining
how molecular mechanics shape biological processed23]. By using and improving these
new tools, a goal of this thesis isto elucidate key mechanosensitive proteins and their
associated regulatory pathways. This new, molecular-based approach for understanding
CCM is crucial for uncovering how developmental and other CCM -mediated processes
emerge from molecular regulati on of mechanics.

CCM can take many qualitative forms categorized as migration modes [13, 24]

Three common migration modes are sheet migration, cluster migration, and



stream/chain migration (Fig. 2.1) [3]. In sheet migration, cell migration is coordinated
across 10s0r 100s of cells and stable cellcell adhesions are maintained between
neighborin g cells. Sheet migrationis commonly observed in develop mental events such
as gastrulation, the process through which an embryo reorganizes from a single cell
layer into thre e topologically organized germ layers [4, 24]. In adult tissues, sheet
migration is most commonly associatel with w ound healing, where long-range
coordination enables cellsto coordinate a response to injury [13]. Like sheet migration,
cluster migration is marked by stable cell-cell adhesions between neighbors but
migration is coordinated acr ossfewer cells. Stream/chain migration stands apart because
it is characterized by unstable cell-cell adhesions and reduced cardination . A central
premise of this project is that the degree of mechanocoupling differentiates these three
CCM modes. While cluster and stream/chain mi gration modes play important rol es in
biological processes[25], we will study mechanocoupling in sheet migration . Sheet
migration is thought to involve the generation of large traction stresses, transmission of
large cell-cell forces, and maintenance d long-range mechanocoupling. Therefore, we
propose that sheet migration is an ideal system for initial efforts in determining
molecular mediators of mechanocoupling in CC M because itinvolves both large forces

and stable adhesions.
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Figure 2.1 Common CCM Migration Modes. CCM is often categorized as sheet,
cluster, or stream/chain migration based on underlying characteristics.

2.2 Overview of background information

In this thesis, we will study a model system of sheet migration to elucid ate
mechanisms of mechanocouplin g and examine the implications on emergent CCM
behavior. To fully explain the rationale and importance of this work , the remainder of
this chapter will provid e a comprehensive overview of the pertin ent biology related to
CCM. Additionally, a background on the tools used for studying molecular forces and
dynamics in CCM will be covered, too. To understand the biological mechanisms
involved in CCM O w b first idt@duce the current, well-described understanding of
single cell migration, focusing specifically on how mechanocoupling of cell -substrate
adhesions mediates migration. 3 T 1 O O wdsdrilze @€ miore complex mechanical
picture of CCM, which involves both cell-substrate and cell-cell adhesions.To
go into detail about the structure and composition of three critical structures ; the

actomyosin network, focal ad hesions, and alherens junctions. The activity of these
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structures depends on a variety of biochemical and biophy sical factors, which will
briefly be described. As a primary focus of this thesis is on biophysical factors affecting
CCM, the background will be geared towar d mechanisms of biophysical regulation and
function. LasU O a O introlducet@® protein vincu lin, explain why vinculin is an ideal
candidate for studying mechanocoupling of CCM , and provide an overview of the

current understanding of vinculin biology.

2.3 Mechanocoupling during cell migration
2.3.1 Concepts of single cell migration

Single cell migration occurs when a polarized cell couples actomyosin-generated
contractility with adhesion assembly and disassembly. This cyclical process can be
broken down into four st eps: protrusion, adhesion formation, contraction, and adhesion
disassembly (Fig. 2.2) [2]. During protrusion, actin polymerization along the leading
edge pushes the cell membrane forward. Adhesion formation then follows . During this
step, transmembrane recetors, called integrins, engagewith extracellular matrix
proteins (ECM) and result in subsequentdownstream signaling . Biochemical and
biophysical signaling lead to the maturation of the adhesion into nascent adhesions and
then focal complexes. Maturing adhesions serve asanchors for actin polymeriza tion to
further push the E 1 O@mbdane forward , which occurs independent of myosin activity
[26]. To develop fully mature focal adhesions (FAs), however, myosin activity is

required [27]. Through the formation of cytoskeletal structures covered in Chapter 2.4,
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the cell can transmit myosin-generated forces through maturing FAs near the leading
edge. This processmarks the third step of contraction. Lastly, FAs toward the cell are
disassembled[23]. Thus, an individual cell migrate s through the coordination of FA
assembly & the leading edge, differential transmission of actomyosin-generated forces

and FA disassembly at the trailing edge.

1) Protrusion 3) Contraction
a0 e s o
Focal adhesions ECM Actin
2) Adhesion formation 4) Adhesion disassembly

Figure 2.2 Four steps of single cell migrati on.
2.3.2 Traction forces in single cell migration

One of the first methods for visualizing cell -level forces involved plating cells on
deformable silicone sheets to observe celsubstrate deformations [28]. A modern and
guantifiable version of this method, called traction force microscopy (TFM) is one of the
most widely u sed techniques in mechanobiology today. TFM involves plating cells on a
linearly -elastic substrate,typically a polyacrylamide gel, labell ed with fluorescent
fiducial markers to visualize cell -substrate deformations [29]. Micropost arrays are also
frequently used to study traction forces [30]. For amicropo st array, cells are plated atop

an array of uniformly spaced , elastic pillars. Using beam bending mechanics, the
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deflection of the pillars induced by an adherent cell can beused to measuretraction
forces. Both TFM and micropost arrays provide spatiotempo ral information on cell-
substrate forces at the cellular levd.

An early study using TFM demonstrat ed that traction stresses aredifferentially
distributed during single cell migration [31]. Using cells expressinga GFRlabeled FA
protein, the authors found that traction str esses are highest irsmaller, less mature FAs
along the leading edge and lower in more mature, proximal FAs. The lowest traction
forces were observednear the trailing edge of the cell, where FA disassembly occurs In
a study using micropillar arrays, it wasfurther demonstrated that the dissipation of
traction stress due to FA disassembly at the trailing edge lead to a subsequent increase
in traction forces at the leading edge [32]. This suggests thatcoupling of actomyosin
between the front and rear of the cell plays a role in mediating cell migration . However,
we lack a complete picture of the molecular mechanisms mediating these interesting

findings .

2.3.3 A molecular picture of mechanical coupling in single cell
migration

One proposed mechanism of regulating actomyosin engagementat sites of
adhesions has been described as a molecular clutch[33]. When unbound (i.e. clutch not
engaged), polymerizing actin E0 w01 1 wEIT OOz U wO Inerabbafe protrutidn] wUil UUOC
(Fig. 2.3A). When filamentous actin engages FAs through key mechanocouplers, it

undergoes retrograde flow toward the cell centroid due to the pull of myosin -mediated
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contractility. Due to mechanocoupling, forces applied to actin retrograde flow are t hen
transmitted across the FA to ECM, resulting in direc ted cell movement (Fig. 2.3B)
Additionally, forces have been shown to increase FA growth [27], suggesting that clutch
engagementis associated with adhesion stabilization. At the trailing edge of cells,
disengagemert of the clutch, or rather key mechanocouplers, results in the reduction of
traction stresses andadhesion disassembly. The mechanisms which regulate

engagement or disengagement of the clutchhave yet to be determined.
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Figure 2.3 Depiction of the molecular clutch. A) When the clutch is disengaged,
actin polymerization leads to membrane protrusion. B) When the clutch is engaged,
actomyosin forces are transmitted through the adhesion.
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2.3.4 Persistence in single cell migration

While we have described the process of singlecell migration in the context of a
simplified 1D system,it alone is insufficient to recapitulate observations of cell

migration. For instance, the path of single cell migration in 2D cell culture, has been
14



described as a random walk [34]. While a cell undergoes directed migration over short
time periods (e.g. minutes to hours), the net displacement of a cell over long time
periods (e.g. hours to days)is negligible due to frequent changes in its migration
direction. This phenomenon likely arises from intracellular fluctuations in F A regulati on
and engagement with the actin cytoskeleton. For a dngle cell to migrate persistently,
external guidance cues must bepresent that orient cell polarity, the organized assembly
of subcellular structure s. For example, chemotaxis is a process wheeby a cel detects a

chemical gradient and migrates persistently along the gradient.

2.3.5 Concepts of collective cell migration

While CCM involves the translocation of many cells, the process is not a sinple
summation of independent cells mig rating at the same speead and in the same direction.
While 2D cell migration can be described as a random walk [34], the path of cells during
CCM is not. Instead, collectively migrating cells exhibit highly persistent migration
throughout the entire cell sheet, even in the absence of externalchemoattractants [35].
The greatest dfferentiating factor between single c ell migration and CCM is the
presence of celicell adhesions. Therefore, the persistent migration observed in CCM is
likely an emergent property due to cell-cell interactions [9]. The structures which
physically connect the actomyosin networks between neighboring c ells aretermed
adherens junctions (AJs) These structureshave many similarities to FAs, but AJsenable

force transmission between cells, instead of between a cell andECM proteins. Therefore,
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the migration of a cell in CCM arises from the forces it exerts on its surroundings and
forces exertedonto it by neighb oring cells.

Traditional descripti ons of sheet migration involve two distinct cell populations,
called leader and follower cells [36, 37] As their name impl ies, leader cellsare located at
the front of a migrating group where their presence dictates local migration speed and
direction [37]. Leader cellsalso provide instructive cues, both physical and chemical,
that influence the migration of neighbo ring cells [38]. The free edge provides leader cells
with a cue for front -rear polarity, enables membrane protrusion, and leads to the
generation of large traction forces to mediate migration [36]. In this way, migration of
leader cells resembles single cell migration.However, leader cells are alsoinfluen ced by
adjacent leader cells andanterior follower cells. For instance, leader-follower
interactions promote leader cell migration away from follower cells, or in the direction
of the free edge.This phenomenon has similarities to a process known as contact
inhibition of locomotion (CIL) [39]. In CIL, cells which collide reorient their polarit ies,
migrate away from each other, and dissodate. Duri ng CCM, cells do not dissociate,so it
is unclear if the underlying mechanisms of CIL and CCM overlap or are disparate [40].
Ongoing research efforts aim to study the molecular basis of this process and may help
shed light on its contri butio n to leader-follower dynamics in CCM [41]. Through
mechanocoupled AJs, leader cells arethought to transmit forces to follower cells, pulling

the cells in the direction of the leaders and providing mechanical guidance cues[42, 43]
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Through unclear mechanisms of mechanocoupling, these forcesare thought to
propagate throughout the layer, leading to long -range coordination of the layer. Thus,
mechanisms must exist which reinforce mechanical coupling throughou t a migrating

cell layer.

2.3.6 Cell tracking in collective cell migration

Mechanically-based organization of CCM has been shown to occuron length
UEEOI UwOIi wisx 168]0nianksyaly drd@rwof magnitude longer than the distance
associated with passive transmission of cellularly generated stresses[44]. These
observations come from quantitative techniques for measuring cellular motion. If cells
are labelled with nuclear dy es or other markers, cells within a migrating sheet can be
tracked individually through space and tim e, enabling spatiotemporal analysis of an
individual cell z path [45]. Due to issuesof phototoxicity, the use of dyes isoften
avoided. Instead, time lapse movies can beacquired on contrast-basedimaging
modalities, such as phase contrast or differential interference contrast (DIC) microscopy.
These imaging modalities enable cellular motion to be analyzed using either a Eulerian
or Lagrangian frame of reference [46]. The Eulerian frame of reference usedfix ed regions
that do not change with time . In this approach, the velocity of a cell passing through a
fixed region is determined. The Lagrangian frame of reference, however, usespositions
which move with the migrating cells . Tracking the change in position vectors over time

permits the approximation of a cell trajectory. Between these two approaches, the
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Eulerian frame of referenceis the simpler one to mathematically derive and is therefore
more frequently used [46]. Two common Eulerian -based gproaches are particle image
velocimetry (PIV) and opti cal flow [46]. Using these techniques correlations in cellular
motion, such as he velocity correlation , can beegimated [15]. Thesecell-level

observations seve asindicators of underlying mechanocoupling.

2.3.7 Traction forces and motion in collective cell migration

Early descriptions of CCM proposed that leader cells generate enough force to
simply drag the entire cell sheet[42, 43] Traction force microscopy, described
previously, hasbeenapplied to 2D CCM models to test whether traction forces are
limited to the leading edge . As it turns out, t his concept has been refuted by
measurements of the substrate stresses generatd during epitheli al sheet migration in
2D. The measurements demonstiated that follower cells also generate traction stresses
and contribute to the migration of the entire cell sheet [47]. Evidence of protrusio n
structures, called cryptic | amellipodi a, in follower cells also indicate that FA
mechanocoupling partially drives migration in follower cells [48]. While TFM h as
enabled many useful discoveries, it is limited to measuring cell -substrate forces. To
address this issue, monolayer stress microscopy (MSM) was developed to infer cdl -cell
forces from TFM [49]. In MSM, cell-cell forces are determined by conducting a
Newtonian for ce balance on the stress fields obtained from TFM. Techniques such as

these havebeen usedto show that cell-substrate and cell-cdl forces can propagate
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throughout mig rating cell sheets[47], suggesting long-range coupling exists as indicated
by optical methods. Measurementswhich directly combined optical tracking and MSM
have shown that migrating follower cells orient along the line of maximal principl e
stress within a migrating cell layer, indicating the existence of im portant anisotropic
mechanical cuesand coupling [49]. Thus, the migration of follower cells is di rected by
mechanical cues from surrounding cells and driven by a combination of F A- and AJ-

mediated mechanocoupling. The exact mechanisms, howeverare poorly described.

2.3.8 A molecular picture of mechanical coupling in CCM

In our depiction of leader -follower sheet migration, multiple steps, from
induction of leader cell migration to propa gation of mechanical forces throughout the
layer, are required to mediate CCM. One of the key steps is the mechanocoupling of cells
throug h AJs. Vaiious mechanisms, such as face-induced AJ reinforcement, could
explain why AJs do not dissipate during CCM. If this is the cas, then what molecular
players mediate force-induced AJ reinforcement? Answering this question is critical for
understanding how long-range coordination is achieved during CCM. The assembly
and disassembly of AJs during CCM, which impact mechanocoupling, likely plays a
role, asfrequent rearrangements are associated with more dynamic cell-cell adhesions
[50]. Due to structural and functional similarit ies between FAs and AJg51, 57, it is
likely that the idea of a mechanical clutch, as described in FAs, also applies to AJs(Fig.

24). Key regulators lik ely exist that differentially modulate adhesion remodeling and
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enable transmission of forces necessary for migration. A complete understanding of
CCM which encompasssmolecular regulation and mechanical integration of FAs, AJs,
and the load-generating cyt oskeleton is currently lacking . Therefore, this work aims t o
better understand the role of molecular regulation and mechanocoupling by
investigating theseadhesion structures which are critical to migration .
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Figure 2.4 Depiction of adhesion reg ulation during CCM. To collectively
migrate, leader cells must generae traction forces and transmit these forces to follower
cells via AJs. Longrange propagation of mechanical signals relies on the complex
interplay of force generation, transmission, and adhesion dynamics.

2.4 Structure of pertinent load-generating and load-bearing
structures for collective cell migration

The generation and transmission of forces to mediate CCM requires the
regulation and integration of hundreds of proteins into three distinct cellular structur es.
An overview of these structures as well as some of the key components will be described

here.
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2.4.1 The actomyosin network

The actomyosin network , which consists of the proteins actin and myosin, is the
cellular equivalent of the musculosk eletal system. It provides structural integrity and

enables the geneation and transmission of forces.

2.4.1.1 The role of myosin motor proteins in cross-linking cytoskeletal filaments and
generating tensile forces

The force-generating unit of the cell is the motor protein myosin. Th rough ATP
hydrolysis, myosin converts chemical energy into kinetic e nergy, enabling myosin to
walk along or produce tension on cytoskeletal filamen ts [53]. The most well -
characterized myosins for enabling cell adhesion, remodeling, and migration in
eukaryotic cells is the family of non -muscle myosin Il (NM II) proteins [54]. NM I
proteins consist of three peptide pairs: two heavy chains, two regulatory light chains ,
and two essential light chains [54]. The structure of NM Il proteins can be divided into a
globular head domai®O O wE w1 E O wE O O E-Befia) uolfed-Eoilthildontid.] w Y
Through tail interactions, NM Il fo rm bipolar homodimers, which enable them to pull or
generate tension on cytoskeletl filaments. As the tail domain consists of the heavy
chain, NM Il isoform s are differentiated by the heavy chain isoform. In mammalian cells,
there are three isoforms which are simply referred to as NM IIA, IIB, or lIC [54].
Functionally, the isoforms differ in their rates of ATP hyd rolysis and duty ratio. NM 1A
exhibits a high rate of ATP hydrolysis and, thus, propels cytoskelet al filaments faster

[55]. Conversely, NM 1IB has a greater duty ratio and is thought to mediate longer,
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slower contractions of cytoskeletal proteins [56]. In migration, NM IIA has also been
shown to assemble cytoskeletal filaments in cell protrusions [57]. By contrast, NM 1I1B
appears to stabilize and provide structural rigidity to cytoskeletal networks within the
cell interior and around the nucleus[58]. Therefore, the interplay of NM IIA and 1IB have
been speculated to play important rol es in CCM. Less is known, however, about the
activity of NM IIC. All NM Il isoform s are regulated by the reversible phosphorylation
of site Serl9 m the regulatory light chain [59]. Specifically, it reduces ATP hydrolysis
but does not affect affinity of myosin for cytoskeletal filaments [60], meaning that
myosin can still serve as a cytoskeletal crosslinker , or mechanocoupler. Notably, this
behavior could have underappreci ated roles for long -range mechanocoupling in sheet
migration . While NM Il serves as a motor during cell locom otion, nuanced differences in
the NM Il isoforms may regulate CCM properties . For example, NM IIA and IIB may be

switched on or off to lead to adhe sion formation, destabilization, or stabilization.

2.4.1.2 The structures and functions of the actin cytoskeleton

The activity o f myosins depend on the structure of the underlying cytoskeleton,
namely actin filaments. Actin filaments are composed of single globula r polypept ide
monomers, called G-actin, which assemble head-to-tail to form actin filaments, called F -
actin [53]. Factin consists of two parallel protofilaments which, in isolation, are fairly
flexible compared to other cytoskeletal filaments such as microtubules [53]. F-actin

undergoes treadmilling due to differences in polymerization dynamics bet ween its two
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the plus end and disassembly at the minus end, giving rise to a treadmill ing
phenomenon. A variety of accessory proteins can alter this behavior. The utility of actin
filaments can vary greatly and depend on accessory proteins that cross-link actin, alter
its kinetics, and generate higher-ordered structures [53].

Various actin structures have been characterizedwhich have important roles for
cell migration such as cell protrusion. For example, fibroblasts exhibit three
characteristic actin structures important for this process fil opodia, lamellipodia and

stress fibers (Fig 25). Filopodia are long, slender protrusions consisting of highly cross-

linked actin filaments [53]6 w%D OOx OEPEWEOOOOOO0a wl RUI OEwWET aOdE

and are thought to detect cues from the microenvironment and initiate cell -substrate
adhesions. In terms of CCM, these adhesions likely arise in cells dong the free edgeand

drive membrane pr otrusion as cells migration. Lamellipodia are two -dimensional, mesh-

DOl WEEUOOaAaOUPOWUUUUEUUUT Uwbk 1 PEY]. TiHe éharéctetsieO 01 wE w

dendritic actin network which constitutes the lam ellipodia is driven by the ac cessory
protein Arp2/3 [53]. Arp2/3 creates branched actin networks by attaching to existing F-
actin and then nucleating new F-actin from t he parent filament. Although in vitro studies
have shown Arp2/3 generates branches at a characteristic anglef 70°[61], in vivo results
have been mae variable [62]. Nevertheless, Arp2/3 is an essential actin accessory

protein and critical to adhesion formation at the leading edge [63]. Through random
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protrusion and retraction, the lamellipodia enables cells to probe the microenvir onment,
similar to filopodia. A similar, yet functionally distinc t, structure called the lamella is
found posterior to the lamellipodia [64]. The lamellipodia and lamella meet at an
interface characterized by a change in actin kinetics and structure, and the lamella is
thought to play an important role in  mechanically coupling actomyosin contractions to
adhesions. Unlike the lamellipodia, stress fibers consist of linear, bundl ed, and highly
crosslinked actin [53]. Stress fibers commonly extend from the leading edge to the
retracting edge of a cell and are associted with high contractility, as they grow in
response to load[65]. Although m any accessory proteins are iléO O Y | -&cthin ¥ the
most well -studied for cross-linking actin and anchoring stress fibers to adhesions. Stress
fibers are generally thought to contribute to cell locomotion through force generation
and transmission during migration, as laser ablation techniques have shown they are
tensed[66]. Although not likely critical for single cell migration, fibroblasts also exhibit a
perinuclear actin network important for cell pola rity and n uclear positioning. The
combination of filopodia, lamellipodia, lamella, and stress fibers enable cells to protrude
into free space,adhere to ECM, and transmit forces to generate lbocomotion.

Cells also contain an actin mesh network along their membrane, alled cortical
actin, which pr ovides structural support to the cell periphery (Fig 2. 5) [67]. Cortical actin
is particularly important for cells that form cell -cell adhesions, suchas epithelia, because

it is thought to m echanically couple cell-cell adhesions with cell-substrate adhesions.In
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a sense, cortical actin is thowght to provide a thin shell of structural suppo rt along the

cell periphery. Unlike the actin structures previou sly descriE | EOQWE OUUPEE@GWEE UD Oz
is variable, ranging from bundled filaments to networks of short fi laments [67].

Mul ticellular assemblies can also exhibit an actin structure calledan actin belt or purse

string. These structures structurally resemble stress fibers but extend across many céi

lengths via mechanocoupling with transmembrane receptors [68]. Actin belts are

thought to be particularly important for long -range coupling of cells during CC M. Aside

from these well-characterized gructures, labile F-actin also exists throughout the cell

interior, b ut whether this population has a mechanical importance is unclear.
Filopodia Lamellipodia A Stress ﬁbers/

Cortical Actin Actin Mesh

%

=y

Figure 2.5 Commonly observed actin stru ctures. (Top) Three common adin
structures important in single cell migration. (Bottom) Additiona | actin structures seen
in collective cell migration.

The combination of actin, myosin, and accessory proteins is collectively referred
to as the actomyosin network. It plays important ro les in force generation and cell

adhesion and is critical for long -range mechanical coupling during CCM. Despite its
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importance, few studies have directly probed how the various actin structures are
mechanically inte grated to give rise to long-range mechanocoupling observed in CCM.
Moreover, the activity of actomyosin is regulated by cues from the external
environments. These cues are transmittedthrough important structures known as focal

adhesions and adherens junctions.

2.4.2 Focal adhesions

Interactions between a cell and ECM proteins play a significant role in migration.
Mechanocoupling between a celland ECM proteins occurs through structures called
focal adhesions (FAs). FAs are macromolecular complexes, consisting obver 200

proteins, that serve as physiE OwWODOOET I UwEI U1 1 OwEWETI 00z UWEEUO
ECM [21]. By mediatinga E1 0Oz UwE U U E E 10U EGWO DB Wwld EEWL® D UE U
ability to both sense external physical cues and transmit celFgenerated forces to the

outside environment. In fact, cells adapt traction forces to biophysical cues provided by

the microenvir onment. FAs are highly dynamic assemblies in which proteins associate

and disassociate in responseto both microenvironmental cue s and intracellular

regulation [17]. For instance, cells develop larger focal adhesions and exert higher

traction forces on stiffer substrates in comparison to softer ones. Please note, however,

that the relationship between FA size and tension is not linear, but complex and

multidimension al, as vatious mechanisms regulate eachparameter [69]. The molecular

architecture of FAs was recently mapped using super-resolution, light -based microscopy
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[70]. This work demonstrated that the FA core region, spanning 40nm from the cell
membrane to the actin-cytoskeleton network, consists of four pro tein-specific strata that
are independent of the size and shape of the FA. The stratified layers suggest four
distinct functional roles. The individ ual layers have been described as arintegrin
extracellular layer, an integrin signaling layer, a force transduction layer, and an actin

regulatory layer, which will be explaine d in greater detail below (Fig 2.6) [70].

F-actin
Actin stress | Myosin
fiber

[ Vinculin
Focal Adhesion]  Talin
plague FAK
Integrin

ECM

Figure 2.6 Focal adhesion (FA) schematic. FAs anchor cells to extracelular
matrix (ECM) proteins, and their structure can be broken into four distinct layers: an
integrin extracellular layer, an integrin signali ng layer, a force transduction layer, and an
actin regulatory layer. These layers are marked by distinct components and functions.

On the extracellular side of the plasma membrane, integrin receptors bind ECM
proteins. Integrins are heterodimeric, transmembrane proteins consisting of a and b

subunits, and the subunit make-up of an integrin determines its affinity for specific ECM
27



proteins or protein domains; the overall activation or inactivation of different integrin
heterodimers thus provi des cells with inform ation regarding the composition of the
ECM microenvironment. Integrins exist in either an inactive, bent conf ormation or an

extended, activated conformation [71]d w EUDYEUDPOOWEEOwWOE ED
FA structure and function. During outside -in signaling, the extracellul ar domain of
integrin receptors undergoesa conformational change as they bind to ECM ligands,
which exposes their cytoplasmic tails. This process enables the initiation of internal
cellular pathways and the recruitment of specific proteins to facilitat e the formation and
maturation of FAs. T he role of force in integrin activation is still being determined. So me
studies suggest that external mechanical loading, especially in the context of vasculature
cells which are exposed to large shear stresses, isecessary for integrin activation [72].
Inside-out signaling of integrins may occur through force generation by the
actomyosin network and r egulation by the integrin sign aling layer, the cytoplasmic
region adjacent to the integrin extracellular domain. By altering the activation state of
integrins, intracellular signals are capable of modulating the binding affinity between
integrins and ECM proteins [73]. Additionally, the integrin signaling layer is regulated
by the integrin extra cellular domain through outside -in signaling. For example, integrin
activation can lead to phosphory lation of focal adhesion kinase (FAK), a protein linked

to mechanosensing, cell shape control, and focal adhesion dynamicq74-76]. In turn,
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FAK can regulate various intracellular signals such as the GTPase RhoA, wtlich is
involved in cell contractility [77, 78] Thus, both externally and internally generated
forces canlead to FA-based signaling and FA reinforcement through the regulati on of
the integrin extracellular and sig naling domains. The coordination of which are critical
to mechanocoupling and CCM.

Various scaffolding and signaling proteins are recruited to the force transduction
layer in FAs to reinforce the structure. For exanple, the proteins talin and vinculin spa n
the integrin signaling and force transduction layers and have been shown to play
important roles in mechanosensing [23, 7982]. In fact, the recuitment of both proteins
correlates to increased tension across focal adhesion[83]. Talin is a large protein
(270kDa) that exists in an autoinhibited, closed conformation u ntil it i s activated by

integrin binding [84]. Binding of talin to integrin enhances integrin -ECM binding by

signaling [85]. Talin directly links int egrins to filamentous actin and can recruit vinculin
to further reinforce the connection to the actin cytoskeleton [86-88]. Without talin, focal
adhesion formation is disrupted [89]. An examination using X -ray crystallography and
other techniques revealed that talin has several hidden vinculin bindings sites (VBSSs)
with differing a ffinities for vinculin [90], which was further validated with expe rimental
tests[79, 86] Single-molecule force spectroscopy measurements originally

demonstrated that these hidden, or cryptic, domains open incrementally between 20 and
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50pN [79], and the lifetime of talin -vinculin interactions are force -dependent, decreasing
as force increaseg91]. Measuremernts using a FRETbased talin tension sensor, however,
suggest that talin loading in vivo is less than roughly 10pN [81]. Recruitment of both

talin and vinculin can be further enhanced through phosphatidylinositol -4,5
biphosphate (PIP2) activity [92]. Thus, FA regulation is subject to complex biochemical
and biophysi cal mechanisms, and the key players for mediating mechanocoupling and
CCM remain unknown.

The final layer of the FA architecture is the actin regulatory layer, which
participates in actin assembly, actin disassembly, and fiber strengthening. Increased
streUUwi PET Uwi OUOE UD OO wb U weihical@ress, BsinkehtiGn®diid wUl Ux OO
the previous section, and the proteins VASP and zyxin are thought to be critical to this
response[93]. Upon mechanical perturbation, VASP and zyxin relocate from the actin
regulatory layer to stress fibers, resulting in stress fiber reinforcement [93]. In this way,
the FA actin regulatory layer can signal to the actin cytoskeleton in response to cues
transmitted t hrough the mechanically coupled FA layers. Conversely, alterations in cell
contractility can alter mechanosensitive signaling arising from the four FA layers by
altering protein -protein interactions, such as the tain -vinculin example.

Together, the fours layers couple the actin cytoskeleton to the ECM, with
indiv idu al layers having distinct architectures, functions, and regulators [94]. As

evidence by this discussion, FAs are far more than static mechanical linkages. From the
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examples given, FA-mediated mechanocoupling arises from a variety of force-
insensitive and force-sensitive mechanisms within these layers that respond to both
extracellular and intracellular cues. Thus, the regulation of focal adhesions, in many
casesdepends on intracellular variables. Further studies of how cells regulate FAs may

improve our understanding of the key underlying mechanisms .

2.4.3 Adherens junctions

The sub-cellular structures that mediate mechanical linkages between
neighboring cells, termed adherens junctions (AJs), have structural parallels and
analogous roles to FAs, and many mechanosensitive processes within these two
structures appear to be similar [95]. For instance, AJs can exhibit either enhanced or
reduced stability in response to applied loads [18-20]. This is apparent on short time
scales (tens of sconds) whereby constituent components readily exchange with
cytoplasmic pools [96]. On longer time scales more drastic changes, including assembly,
disassembly, and rearrangements, can occur. It is believed that Ak respond to external
forces by modulating actin polymeri zation or myosin activity vi a dynamic feedback
loops [51, 97] These feedback loops likely depend onboth force-sensitive and force-
insensitive mechanismswithin AJs that lead to changes in AJ composition and
phosphoryl ation of AJ components. Thus, diverse responses to mechanical load
observed at the tissue level could be due to differential regulation of AJ constituents.

This is particularly relevant to CCM -mediated events in development or remaodeling
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events in mature tissues[98]. When plated on cadherin-coated substrates, AJs also
enlarge and bear greater tension, similar to the response of FAs on ECM-coated
substrates[99]. Despite the similarities between AJs and FAs, AJs play a very distinct
role in mediating cell -cell mechanocoupling and are likely critical to the characteristic
emergent behaviors of CCM. Without these linkages, tissue formation, maintenance, and
repair would be disru pted. Moreover, these connecions enable large-scale coordination
and mechanical signaling among cell populations [98]. Therefore,understanding how
AJs, in addition to FAs, are regulated is critical to fully describing CCM.

While over 500 proteins have been found to constitute AJs[22], the background
in this thesis will be limited to a few components known to have key roles in AJ
regulation and mechanotransduction (Fig 2.7). The transmembrane protein in AJs
consists of the cadherin family. The cadherin extracellular domain is involved in
calcium-dependent homodimer formation, which can involve transinteractions, cis
interactions, or both [100, 101] Transint eractions mediate functional interacti ons
between two adjacent cells, andthe purpose of cisinteractions is to stabilize adhesions
[101]. While the extracellular domain of cadherins mediate adhesion, the intracellular
domain mediates signaling and mechanocoupling to the actomyosin network. Two
important region s of the intracellular domain are the juxtamembrane domain (JMD) and
the catenin-binding domain (CBD) [98]. The JMD is thought to regulate cadherin

turnove r, whereas the CBD is thought to stabilize cadherin-cadherin interactions by
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linking the complex to the actin cytoskeleton. The JMD can be bound by pl126catenin,
which serves a variety of roles in AJ regulation [102]. For instance, it has been
demonstrated that cadherin removal from the membrane, a process mediated by
endocytosis, requires the uncoupling of p120-catenin and E-cadherin [103]. An inability

to endocytose cadherins can result in a number of cell migration defects [98].

Additionally, studies have found that p120 -catenin is important to several AJ-generated
signaling pathways tie d to organ development and cancer metastasis[103, 104] Closer

to the cadherin C-terminal, the CBD, which indirectly mediates the linkage to the actin
EaUOUOI Ol UOO0 aadin. uardus OtkenyfOWd D O U wdatenih] viadal,w Y
ECEwS$/ + ( - wb OthietirBdEnedidteRrthheatipns to actin filaments [105]. The
nature of cadherin-based mechanical linkages is just emerging and their specific
biochemical functions are largely unknown. The key molecular mechanism for AJ

Ol ET EOOUUEOQUEUEUDOOOWI OPI YI UOwP U wigdtedidnd U wU OwE
vinculin [51, 106, 107]which will be intr oduced in a subsequent section. Thismay not be

the only mechanism, however, as other proteins such as zyxin, VASP, and testin have

been shown to mediate AJ mechanotransduction, too[108].
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Figure 2.7 Adherens junction (AJ) schematic. AJs anchor cells to neighboring

cells, and their basic unit consists of the cadherin-catenin complex, which is the minimal

linkage required for linking to the actin cytoskeleton.

While significant progress has been made in elucidating the molecular landscape

of AJs, a lack of knowledge regarding the pertinent molecular regulators mediating

these diverse responses impedes further progress.

2.4.4 Integration of actomyosin- and adhesion-mediated
mechanocoupling

Although FAs and AJs were historically considered structurally and functionally

distinct adhesions, they interact with common biochemical regulators and are

biophysically linked through the actomyosin network. A well -studied example of

biochemical regulation of adhesion structures is the Rho family of guanine
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triphosph atases (GTPases)Rho GTPasedeature prominently in actin assembly and
myosin activity that is thought to enable mechanosensitivity within both F As and AJs
[109]. Rho GTPases are characterized by their switcHike function of binding either
guanine diphosphatases (GDP) or GTP. Through the use of GTPase activating proteins
(GAPs) and guanine exchange factors (GEFs)¢ells can spatiotemporally regul ate the
activity of Rho GTPases The three subgroups of GTPases are Rho, Rac, and Cdc42. The
downstream functions of these three GTPase groups broadly involve cell migration,
contractility, and cytoskeleton remodeling. Rho proteins are specifically assocated with
increased stress fiber formation, cell contractility, and FA growth [110, 111] Conversely,
Rac proteins promote both lamellipodia and membrane ruffles, characteristics of a
mblT UEUDPOT wEIl O Golgh ddrdadedabtin polyddrizati®ouat the leading
edge of a cell.Multiple studies have demonstrated that polarized coordination of Rac
activity across leader and follower cells may be a key mechanism ofcoordinated sheet
migration due to its regulatio n of FAs, AJs, and the cytoskeleton[15, 112] Finally, Cdc42
is generally associated with filopodia formation.3 OT 1 UT 1 UOw1 T OQw&3/ EUT UwUT |
cytoskeleton and modulate actomyosin contractility, but how Rho GTPase activity is
regulated and contributes to CCM remains unclear.

Regulatory mechanisms of CCM can arise from various microenvironmental
inputs, and lead to the activation of complex intracellular regulation . When perturbati on

of one adhesion structure leads to changes at another the process is said to involve
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crosstalk. A classic example is the effect d fluid flow on vascular endothelial cells [113].
In tissue culture, fluid flow a cross vascular endothelial cells generates shear forces along
their apical surface. In response tothis biophysical cue, these cells reorient in the
direction of fluid flow, remodel both FAs and AJs , and generate actin stress fiberd113].
Theseprocesses are thought to be mediated by both biochemicaland biophysical
mechanisms. For example, the shear stress has been shown to induce Rhassogated
kinase (ROCK) activity, leading to increased cell contractility and st ress fiber formation.
As is evident from our discussion in Chapter 2.4, forces applied on one side of a cellcan
propagate to structures in other parts of the cell via the cytoskeleton [114]. Researchalso
shows that mechanical alterations in one type of adhesion have functional consequences
in the other [114, 115] In the case of fluid flow on vascular endothelial cells,

transmission of forces from AJs to FAs leads tointegrin activation and FA growth [113].
Furthermore, cadherin-mediated loading of AJshas been shown to cause PI3K
activation. The activation of PI3K enhances integrin activation which results in cell
stiffening [116]. The implications of this behavior are compounded becausecells within
the vascular endothelium are physically coupled . In the case of CCM, similar
mechanisms of AJ force transmission and adhesion crosstalk could result in global
changes inmigratory behav ior. However, the biophysical regulation of CCM are only

just beginning to emerge. It is alsoworth noting that cross-talk between FAs and AJs can

be antagonistic, too. For instance, studies have shown that cells grown on soft substrates
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have weakened FAs and enhancedAJs[117]. Therefore, dedphering the roles of the
actomyosin network, FAs, and AJs in CCM is challenging because of their now
appreciated complexity and integration. Nevertheless, overcoming this obstacle to
determine the individual and intertwined roles of these structures in mediating

mechanocoupling of CCM is highly important and an over-arching goal of this thesis.

2.5 Mechanisms of protein recruitment and activation

As a primary focus of this thesis is to elucidate molecular mechanisms of
mechanocoupling, it is pertinent to discuss the processesby which biochemical and
biophysical signaling influence cell migration . Mechanocoupling can be influenced by
theET OOwxT 1 O0Uaxi wEOCEwWUT I wEl 00z UwHednvivEEUD OO Wk D
cellular microenvironment is comprised of three main components: biochemical
signaling molecules, the extracellular matrix (ECM), and (in many tissues) neighboring
cells (Fig 2.8) [74]. These componentspresent a variety of biochemical and biophysical
cueswhich affect cell behavior, including differentiation, growth, and migration [118
120]. To detect biochemical and biophysical cues from the microenvironment, ce lls
expressdiverse, specialized receptors on their cell membranes, eachwith affinities for
particular ligands. To better understand how signals in the microenvironment influence
cells, it is important to consider the underl ying mechanisms of ligand -receptor
interactions. A closer look at these pathways will demonstrate how multiple variables

regulate CCM.
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Figure 2.8 lllustration of the cellular microenvironment.  Constituents of the
cellular microenvironme nt include neigh boring cells, soluble signals, and the
extracellular matrix. External forces may also be present in various forms such as fluid
shear stress.

2.5.1 Biochemical regulation of collective cell migration

Biochemical signaling molecules encompass a vat array of molecules such as
growth hormones and cytokines which act as essential regulators of differentiation,
growth, and repair. The particular effect of a biochemical signaling molecule depends on
how a cell senses andresponds to its detection [121]. Typically, soluble and insoluble
ligands are detected via complementary receptors on the cell membrane. These receptors
may be specific to soluble ligands (able to diffuse) or insoluble ligands (immobilized) .
Receptor ligation, involving the binding of a specific receptor -ligand pair, often resu Its
in complex biochemical responseswithin the cell , such as the activation of signal
transduction pathways. Signaling molecules that stimulate cell migration are referred to

as motogensand act globally on cell behavior by modulating regulators of actomyosin
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contractility and adhesion formation . Examples of motogens include epidermal and
hepatocyte growth factors. The effect of a ligand-receptor pair can also induce local
cellular changes, giving rise to behaviors such as chemotaxis Chemotaxis is the
migration of a cdl along a concentration gradient [122]. This phenomenon is particularly
important in directing single cell migration or providing long -range polarization of
collectively migrating cells [123, 124] Chemotaxis isinduced by local remodeling of
adhesion or actomyosin structure through the activation of intracellular signaling
pathways, such as Rho GTPasedlf the biochemical signal is insoluble, such as a
substrate-bound ligand, then the directed migration along a biochemical gradient is
referred to as haptotaxis [36]. Although the details of biochemical regulation are not
relevant for this work, the detection, sensing, and response to biochemical signals
depend on a variety of factors, such as the anount of the biochemical signal the amount
of receptors, the presence of antagonist or protagonist signals, and thephenotype of the

cell.

2.5.2 Biophysical regulation of collective cell migration

In addition to serving roles in biochemical regulation, receptor ligation of
insoluble molecules also enable transmission of forces between the cell and its
microenvironment [51, 125, 126] The two receptors pertinent to this work are integrins
and cadherins, discussed in Chapter 2.4, which form the basis of FAs and AJs,

respectively. Through poorly understood mechanisms, force transmission across these
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linkages give rise to biochemical signals within the cell. These signalslead to cell-level
alterations, such as directed nigration, through local alterations in adhesion

composition or assembly/disassembly. Two known examples of biophysical cues
regulating cell migration are durotaxis and plithotaxis [36]. Durotaxisis migration in the
direction of substrate stiffness gradients, and plithotaxis is migration along mechanical
cues provided by neighboring cells. While plithotaxis is unique to CCM, durotaxis can
occur in both single cell migration and CCM. Interesting ly, durotaxis can be an emergnt
property of multicellular interactions , meaning durotaxis does not occur when

individual cells migration [127]. This suggests that integration of mechanical signals,
likely through m echanocoupling, is a potent regulator of CCM.

Although there are a variety of different biochemical signals that regulate cell
behavior, the work of this thesis focuses primarily on biophysical cues transmitted by a
El 00z UwxT1 aUDPEE OwoOind3.dé& redude eothflexiy Ordanfounding O U O E
results, assays used in this thesis do not involve the application of chemical gradients,
ligand density gradients, or externally applied mechanical cues. Recent work has shown
that there are three key processes conserved amongst the various modes of CCM: the
generation of directed forces to mediate cell movement, mechanical coupling among
cells, and establishment and maintenance of long range polarization of cells[9, 128]
Thus, this work aims to elucidate molecular mechanisms mediating these key

biophysical processes which arise through celtgenerated forces.
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2.5.3 Mechanism of mechanosensitive protein regulation

The three structures cells use to mediate mechanocouplingare sersitive to forces
transmitted across them, as described inChapter 2.4. A largely unanswered question is
how force transmission regulates adhesion stability to maintain mechanocoupling as
cells collectively migrate. The capacity of adhesiors to respond to forceis thought to
arise at the molecular scale by the conversion of a physical signal into a biochemical one.
A leading explanation breaks down this process into a series of four steps:
mechanotransmission, mechanotransduction, mechanosensing, and mechanoesponse
(Fig. 29) [51, 126]

Mechano- Mechano- Mechano- Mechano-
transmission transduction sensing response

ey

# Force / Force / Force Forun

Figure 2.9 Four steps of a force-sensitive molecular process. In this simple
example, a transmembrane receptor is linked to the acbmy osin skeleton via an adaptor
protein (green). Mechanotransmission occurs when force is transmitted across this
linkage. When this force induces a change in the adaptor protein, mechanotransduction
is said to have occurred. Detection of this event, suchas the binding of a secondary
adaptor protein (pu rple), is referred to as mechanosensing. Then, a mechanoresponse
follows, such as the increase of actomyosin contractility across the linkage.

The propagation of physical forces across loadbearing structuresis

mechanotransmission [129]. In migrating c ells, mechanotransmission occurs acrossthe
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proteins which constitute FAs, AJs, and the actomyosin network [130]. The transmitted
load can cause a conformational change within a force -sensitive protein, generating a
biochemically detectable event; this processis called mechanotransduction. A potential
mechanism for mechanotransduction is the force-induced exposure of cryptic domains
[79, 106, 107]protein regions that are inaccessiblein the absence of applied force. The
subsequent cell detection and response to thedetected biochemical signal are referred to
as mechanosensing and mechanoresponse, respectivelyThe time-scales of a
mechanoresponse can occur on the ordemf seconds, such as protein recruitment to an
adhesion, to minutes or longer, such as changes in cell alignment o migration direction
[131]. Due to technical limitation s, it is difficult to design studies that simu ltaneously
investigate all four steps of force-sensitive molecular processes. For instance, single
molecule force spectroscopy provides high spatiotemporal resolution of
mechanotransduction events in vitro but cannot easily probe mechanosensing and
mechanoregponses. Conversely, few tools exist for measuring mechanotransmissionin
vivo. Thus, the development of new tools to elucidate cellular force-sensitive

mechanisms and pathways is currently ongoing [132, 133]

2.5.4 Measuring molecular scale mechanical loads to study collective
cell migration

The effect of mechanical force on cellular behavior is an emerging field of study
that has garnered significant interest from diverse disciplines, including cell bi ology,

biophysics, cancer biology, vascular biology, and tissue engineering [134-136].
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Researchers are often interested in determining which proteins are key to
mechanosensitive pathway s and how these proteins transmit and/or detect mechanical
cues[51, 126, 137]Despite the importance of determini ng molecular mechanisms within
these adhesion structures, few tools exist for directly probing molec ular-scale forcesand

many investigations rely on cell- or tissue-level mechanical measurements

2.5.4.1 Molecular -level measurement of mechanical loads

One tool for studying molecular loads within cells is a F rster resonance energy
transfer (FRET)-based tension sensor, which enables the measurement of moleculaiscale
(picoNewton) forces based on changes in emitted light[23, 126, 132, 133, 13842]. This
technology is a recent addition to the mechanobiology toolbox. The first calibrated,
genetically-encoded FRETbased tension sensor was developed to study vinculin [23], a
mechanical linker protein that localizes to adhesion structures, and solidified the
importance of vinculin in mechanosensing and single cell migration [19, 23, 27, 106, 143,
144). FRET-based tension sensors have since been readily adopted and engineered into
at least 14 different proteins [138], demonstrating the usefulness andapplicability of this
tool.

Tension sensor modules (TSMods) consist 6 two fluorescent proteins , capable of
undergoing high FRET, separated by a springlike linker (Fig 2.10). FRET involves the
non-radiative transfer of energy from a donor fluorophore in t he excited state to a

nearby acceptor fluorophore (<10-12 nm separation) in the ground state [145]. FRET
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increases as the distance between the two fluorophores decreases. As FRET is a function
of distance between the fluorophores, the distance between the fluorophores can be
determined from the FRET signal [145]. A TSMod can be inserted between two load-
bearing domains within a protein to measure force. Please note, however, that selection
and determination of a suitable insertion site requires rigorous screening. Once inserted
into a protein -of-interest, force can be determined when the relationship between force
and extension of the spring-like linker is known , as is the case for a calibrated sers (Fig
2.10) [142]. When tension is applied to the sensing module, the spring extends and the
fluorophore separation increases, resulting in decreased FRET between the donor (D)
and acceptor (A) fluorescent proteins. For this thesis, | utilize d a calibrated TSMod
consisting of the fluorophores Teal (INTFP1) and Venus (Venus A206K) separated by the
calibrated linker 8x(GPGGA ). This TSMod is sensitive to forces in the range of £6pN
[23]. By expressing TSMods within proteins-of-interest, this tool provides powerful
insights into molecular -scale mechanotransmissionand can be coupled with traditional

molecular biological techniques to elucidate regulatory mechanisms.
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Figure 2.10 Simple schematic of a tension sensor module (TSMod). A TSMod
consists of a donor and acceptor fluorophore that exhibit FRET and are linked by an
extensible linker. When inserted into a protein, the TSMod exhibits high FRET w hen

unloaded and lower FRET when loaded. The relationship between FRET and load can
be calibrated.

2.5.5 Measuring effects of protein load on protein function

While TSMods are useful tools for measuring protein loads within living cells,
their utility is greate r when coupled w ith traditional molecular biology techniques. To
understand protein function, many biologists knock down a protein -of-interest or its
respective binding partners to observe resultant changes. By combining molecular
tension sensors with knock-down, or simil ar assas, researchers can determine how
these alterations in molecular topography change mechanotransmission. This
informati on can then be used to better understandregulators of mechanocoupling or
downstream mechano-sensitive processes oimechanotransduction, mechanosensing,

and mechanoresponse, as discussed previously. In addition to knocking down proteins,
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biologists can directly alter protein functions and interactions via site -specific protein
mutations. Therefore, molecular tension sensors, or their relevant binding partners can
be mutated using traditional molecular cloning techniques, and changes in
mechanosensitive processes can be directly observd.

Molecular tension sensors have the capacity to be combined with
immunofluorescence techniques, too. Although FRET pairs cover a large portion of the
visible spectrum, they can be designed such that an additional fluorophore, or even
FRET pair [146], can be imaged simultaneously. For many biological studies, reseachers
examine the co-localization of two labeled proteins to infer information about their
interactions. Using a molecular tension sensor, one could alternatively infer information
about force-dependent localization of a protein -of-interest. This technique, which our lab
has termed FluorescenceForce Co-localization (FFC), is a powerful method for
uncovering mechano-sensing and mechancresponses in forcesensitive processes.

While the techniques introduced above are incredibly useful for th e field, most of
the work in this thesis does not pertain to their implementation. Notably, however, the
work presented in Chapter 3 was to validate the ability to conduct antibody -based FFC
in single cells. This is a necessary step tavards conducting these types of assa in

collectively migration cells.
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2.5.6 Measuring stability of mechanocoupling on the molecular scale

Within cells, the molecular landscape is highly dynamic, meaning that protein -
protein interactions are transient with varying lifetimes. Theref ore, protein dyn amics are
important considerations for understanding mechanocoupling because the lifetime of an
interaction is as equally important as magnitude and direction of molecular loads. The
dynamics of a protein can be measured as a characteristicdate, which can be indic ative
of various regulatory mechanisms and have functional consequences. For example,
slower protein interactions within an adhesion structure can lead to adhesion growth or
increased adhesion stability. Conversely, increased protdan turnover can destabili ze an
adhesion. Various photobleaching-based microscopy techniques exist for examining
protein turnover.

Fluorescence recovery after photobleaching (FRAP) is one common technique for
determining protein turnover by measuring the re placement rate of a photobleached
protein within a structure -of-interest, such as an adhesion (Fig. 2L1). For this technique,
a high-powered laser is used to photo-ablate a small region-of-interest [147]. Following
photo-ablation, the sample is imaged at repeated time intervals, and the fluorescence
recovery of the photobleached spot can be measured. A temporal recovery curve can
then be fit with a model to determine pe rtinent turnover metrics, such as half -time of
recovery. For cytosolic adhesion proteins that are limited by binding rates, as opposed to

diff usion through th e cytosol, an exponential decay curve provides an appropriate fit
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and can be used to determine thehalf-time of recovery [148]. For membrane-bound
proteins, such as integrins and cadherins, determining protein turno ver is more complex
and requires additional experimental considerations because the proteins are subjed to

membrane diffusion and vesicular delivery [149, 150]
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Figure 2.11 Schematic of fluorescence recovery after photobleaching (FRAP)
technique and analysis . In FRAP, a structure-of-interest is photobleached and its
recovery (due to protein exchange with the unbleached protein pool) can be temporally
monitored. The temporal recovery curve can be analyzed to determine the halftime of
recovery, mobile fraction, and immaobile fraction.

The half-time of recovery of proteins can be regulated by various biochemical
mechanisms, such as posttranslati onal protein modificatio ns, andbiophysical

mechanisms. Biophysical mechanisms stem from the response of molecular bonds under
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load. At the molecular scale, protein interactions can be classified as either slip or catch
states. The state depends on how foce affeds the bond lifetime between two proteins
[151]. When applied loads decreasethe interaction lifetime of the pro teins, the proteins
are said to engage in a slip bond [151]. Alternatively when applied loads increasethe
interaction | ifetime of the proteins, the proteins are said to engage in a catch bond151].
If load does not affect bond lifetime, t he protein interaction i s sdad to beideal [151].
Aside from altering protein interactions, force can also alter protein structure through
mechanotransduction, as previously discussed. The result is that protein load may affect
overall adhesion stability by affecting the interactions, activity, and turnover of its
constituent proteins. Single molecule force spectroscopy tools have shown that slip and
catch bonds may play important roles in key adhesion proteins [79, 151] To directly
probe the relationship between protein loading and protein dynamics, our lab has
recently developed a novel technique termed FRET-FRAP [152]. As the acceptor
fluoroph O U1 z U wE WfRHe TIN&MiisWitkctly proportional to concentration, it can be
bleached and its recovery monitored. By examining FRET prior to photobleaching, we
therefore can relate molecular loads to molecular dynamics.

In summary, work pioneered by this lab is fund amentally changing our ability to
examine the role of molecular processes which regulate mechanocoupling. By
implementing and refining these techniques, this thesis aims to improve our

understanding of the mechanics of CCM at the molecular scale.
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2.6 Vinculin-mediated mechanocoupling
2.6.1 Overview of vinculin biology

While hundreds of uni que proteins have been identified within adhesions, it is
likely that a limited subset of these proteins are primarily responsible for
mechanocoupling and adhesion stability . The adhesion protein vinculin is one
important candidate because it has been shown to play critical roles in a variety of
processes associated with celicell adhesion and collective cell migration [153]. Examples
include neural tube and cardiac development in mice [154], muscle structure
development in C. elegan§l55], and regulation of cancer cell invasion and metastasis
associated with malignancy [156, 157] Notably , vinculin knock -out mouse embryos are
lethal due to cardiac and neural development defects [154]. This suggeststhat vinculin is
particularly impo rtant for CCM-dependent developmental events. Expression of a
constitutively active vinculin mutant is also lethal due to muscular defectsin D.
melanogastgl58]. Therefore, both vinculin expre ssion and regulation appear critical for
CCM-mediated processes innormal embryo development.

Vinculin is ideally suited for this work because it is the only protein known to be
recruited to multiple types of adhesion structures in response to mechanical | oading.
Sources of mechanical loading include both internally generated cytoskeletal forcesand
externally appl ied forces[27, 10§. Moreover, loss of vinculin diminishes the force-

induced growth of these adhesion structures to load [23, 97, 159] As mechanocoupling
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between FAs and AJsis thought to be critically importantto CCM [160], vinculin is a
logical choice on which to focus initial attempts to lin k mechanical concepts with

molecular processes that can be manipulated to affecttissue-level processes

2.6.2 Vinculin structure and regulation

Discovered in 1979[161], vinculin is a 117kDa protein that consists of 1066 amino
acids divided into an N -terminal head (aa 1-835) and Gterminal tail do main (aa 896
1066) linked by an unstructured polyproline strap ( aa836-895) (Fig 2.2) [162]. Vinculin
I 1 EEwE OOU bUdiddluniddlas [1EBPIWEVE wYDOEUODPOWUEDOWEOOUDUL
helical bundle [164]. Vinculin is known to have over 15 primary binding partners [162],
which include t a0 b GFORUWYT Gchténid wahd Factin, but no enzymatic functions (Fig
2.12). Through th ese interactions and others, vinculing U wx U D O Etd eachaticdlly wbd U w
network , but the mechanisms of regulation are poorly understood.
Throughout the cytosol, vinculin dogmatically exists in an unbound
autoinhibited, closed conformation [165]. In this conformation, the head (specifically the
i PUUDDGQUEEOWEUOEOI AWEOEWUEPOWEOOEDOUWDPOUI UEEUWE
sites (Fig 2.2) [162]. The affinity of this interaction is e xceptionally high, as evidenced
by an estimated Ko of 1nM [166]. Using a FRET-based conformation probe, researchers
have shown that vin culin adopts an open, active conformation within adhesion

structures [144, 165] Due to the high head-tail affinity, individual vinculin protein -
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protein interactio ns are likely insufficient to overcome the head -tail interaction [167].

Some studies indicate that at least two binding interactions are required for vinculin

activation [168, 169] As vinculin activation is associated with regions of high stress, it

has been specul@ | EwUT EOwi OUE]T wx OEAUWEwWUOOT wbOwUI T UOEUH
switch [170] . However, whether force across vinculin plays a role in its activation has

not yet been demonstrated.

Closed Vinculin
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Open Vinculin

Vi D~ V>
Talin
VASP

IpaA ik F-actin
-catenin illi
g—catenin Ponsin P?D)::Dnzm

Arp2/3

a-actinin

Figure 2.12 Overview of vinculin biology.  (Top, left) Vinculin crystal structure
[171]E 1 x B E U-belical bundués which constitute the vinculin head (Vh) and tail (Vt)
domains. (Top, right) Vinculin exists natively in an autoinhibited form that blocks many
EDOEDPOT wbOUI UEEUDPOOUWp! OUUOOKA G EEIUUDGEDWEEUD OO
E O E-actiin. Vit interactions include F -actin, paxillin, and PIP 2. Within the polyproline
strap, vinculin is known to interact with VASP, vinexin, ponsin, and Arp2/3.

Another OPO1 Oa wOl ET EOPUOwIi OU wEtd whibitienisBi@l- uwY DOEUOE
specific phosphorylation of regions near the head-tail interface (Fig. 2.13) [167]. Vinculin
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is known to be phosphorylated by Src phosphatases, serine phosphatases, and Abl

kinase [172-175]. Srcmediated phosphorylation of Y100 and Y1065 and serine

phosphorylation of S1033 and S1045 are thought to promote vinculin activation at FASs,

increase tension at FAs, and increaseverall cell stiffness[172, 175] However, the exact

role of each phosphorylation site remains unclear, and whether these sitesaffect vinculin

activation at AJsis unknown. Abl kinase -mediated phosphorylation of Y822 is the only

phosphorylation sitte UT Op Qw0 Owdl EPEUIT wY pdddwit & Atz UwWE OO OUOE (
Interestingly, vinculin recruitment to FAs occurs independently of Y822

phosphorylation [173]. In summary , multiple vinculin phosphorylation sites affect
YPDOEUOPOZUWEEDODUaAwWUOwWO! ET EEHGBODEGEDDODWNBEEU
conformational switch , but the precise role and molecular importance of each site has

yet to be elucidated.
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Figure 2.13Key phosphorylation sites for vinculin head -tail autoinhibition

[176]

53



2.6.3 Mechanical role of vinculin at focal adhesions

In FAs, vinculin mechanically couples the adhe sion plaque to the actomyosin
cytoskeleton through interactions with talin and F -actin [143]. At developing FAs,
vinculin is thought to localize first to the paxillin -rich proximal tip, where tension is
lowest (Fig. 2.14) [144]. As FA formation continues, vinculin becomes activated through
unclear mechanisms previously discussed. Then, vinculin binds to talin, which is linked
to ECM-bound integrins , and actin [144]. During this step, vinculin tension increases,
and actin retrograde flow slows [142-144]. Interestingly, vinculin can be carried into
higher FA layers due to actin retrograde flow , but this translocation is associated with
reduced vinculin tension. In addition to paxillin -mediated vinculi n recruitment, other
pathways may exist for the recruitment and activation of vinculin at FAs. For instance,
research suggests that phosphatidylinositol 4,5-biphosphate (PIP2) may regulate
vinculin -mediated mechanocoupling in FAs [87,177) ( OwE Oa wEE Ul OwYDPOEUODPO¢
bind actin is essential. Although FAs will still form and mature, c ells expressing vinculin
mutants deficient in actin binding do not exhibit large traction forces at their leading
edge [143]. Thus, vinculin acts as acritical mechanocoupler in FAs, enabling the

transmission of actomyosin-generated forcesto the ECM.
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to FAs in its closed conformation to the integrin signaling layer. Upon activation, it can
translocate to the force transduction layer, binding both talin and F -actin. As the
adhesion matures, vinculin can move into the actin regulatory layer.

2.6.3.1 Force-sensitive vinculin dynamics at FAs
5POEUOPOZUwUOOI wE U wh ke deterimbadioEf@de-induted wd U wE O U ¢
dynamics of fibroblast FAs [23, 178] This finding emerged from the development of a

novel FRET-based sensor that enables the measurement of moleculascale loads across
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vinculin [23]. If vinculin is tensed in response to applied load, then fibroblast FAs
assemble.Conversely, if the mechanical loads experienced by FAs are not transmitted
through vinculin, then enhanced fibroblast FA disassembly is observed[23]. Thus, the
mechanical loading of vinculin was shown to be a force-sensitive molecular switch that
regulates the dynamics of fibroblast FAs and fibroblast migration . Interestingly, single
molecule force spectroscopy experiments have shown that vinculin exhibits a
directionally sensitive catch bond with F -actin [179]. This suggests that vinculin
mechanocoupling would decrease vinculin turnover and increase adhesion stability.
To elucidate a awnnection in vivo between vinculin load and FA stability, our lab
the force-sensitive dynamics of vinculin [152]. In FAs of migrating fibroblasts, it was
found that vinculin exhibited force -sensitive stabilization, meaning load across vinculin
decreased turnover. As vinculin was expected to bind talin and F -actin, presumably the
mechanical state of vinculin associated with force-stabilization is open, loaded vinculin.
61 1 OQwyY b O EmttioEndiggQite Was mutated (1997A) or cell contractility was
disrupted, vinculin did not exhibit this behavior, suggesting that F -actin is the primary
mechanical transmission pathway associated with vinculin stabilization . Interestingly,
PT 1 OwYPOEUOPOZz UwUE OP OwWE b O Emxdin exubited fporcek wUD U1 wb E U w
sensitive destabilization, meaning that load across vinculin increased turnover. As the

talin interaction is likely required for vinculin to open, we postula ted that force-
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destabilized vinculin is associated with closed vinculin. Tog ether, these findings

demonstrated that vinculin can adopt various force -sensitive dynamics, possibly related
UOwYDOEUOD Oz Uwadl LB]TH APERG w0y ] BiedsRiigalladi@] ET EODE |
ability of a cell to undergo directed migration. Whether this behavior affects CCM,

however, is a major unanswered question.

2.6.4 Mechanical role of vinculin at adherens junctions

While initially identified as a FA protein [180], vinculin also localizes to AJs and
plays a key role in their formation and maintenance [162]. Vinculin regulates E-cadherin
UOUT EET wl R x Ul EEDG DdumBAiniadd i hd@ey physical linkage
between AJs and the actomyosincytoskeleton (Fig. 2.15)[106, 181,18 w Uw ) UOwY
catenin-vinculin interacti ons are thought to be a primary mechanism of
mechanotransduction, specifically force-induced adhesion strengthening [183]. Like
Y B 0 E U-GaeAirdexisfs in an autinhibited ¢ onformation and must be recruited to AJs
UT UOUT T wE U U OEameRit DO cobtding $tructural similarities to vinculin,
where regions of high similarity are referred to as vinculin homology d omains. Once
E O U O E «wdiebiny gnechanical loading by actomyosin, on the order of 5pN, is thought
to open Y-catenin and reveal a vinculin binding domain [106, 184] Through a
combination of Abl kinase-mediated phosphorylation of Y822, Y-catenin binding , and

actomyosin loading, vinculin is thought to become open and act as an AJ

mechanocoupler. Vinculin binding to  Y-catenin leads to stabilization of Y-catening U w

57



structure and promotion of actin re cruitment. Once open,vinculin likely interacts with a

variety of primary bindings partners to stabilize the AJ [144]. When vinculin is unable to

associate with Y-catenin, AJ reinforcement and mechanotransduction are impaired,

which consequently alters cell coordination during CCM [185, 186] Interestingly,

vinculin appears to preferentially localize t o FAs over AJs when vinculin levels are

reduced with knock down techniques [153]. Furthermore, vinculin has been shown to be

recruited preferentially to mechanically loaded AJs and is required for local adhesion

strengthening of cadherin-mediated linkages [159, 187, 188]Therefore, vinculin has an

established role in mediating force transmission and adhesion strengthening in AJs.

However,the OO O EUOEUwWUI T UOEUOUU wWOI mthe©ddeater oddtéxuE OE wY b ¢

of CCM remains unclear.
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force-D OEUE | E wO x-da@rin@ddvenl®a anyptic vinculin binding site. Vinculin can
then bind and open, further reinforcing the linkage through F -actin interactions.

2.6.5 Vinculin-based actin bundling

While vinculin is trad itionally associated with adhesion sites, vinculin may also
serve as an actin cross linking protein based on findings of vinculin -actin interactions
within adhesions. Following actin binding, a cryptic dimerization site in Vt enables
vinculin to cross-link F-actin (Fig 2.16) [189-191]. Without F -actin binding, vinculin
dimerization has not been observed. The Gterminal domain of vinculin appears very
important in its dimerization ability [192, 193] Interestingly when dimerization is

inhibited by alterationsinthe C-Ul UOPOEQWEOOEPOOWEW% 7 UWEEDODPUA L
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applied forces is significantly reduced [192]. Vinculin dimerization can also be induced
by exposure to PIP:[194]. Whether vinculin can dimerize and cross-link filamentous

actin outside adhesions remains unclear.

Actin )
Talin / Filament Actl\@
Vinculin

Figure 2.16 Vinculin dimerization as a mechanism of actin cross -linking.
Vinculin -actin interactions unveil a cryptic dimerization site in Vt that enables two
vinculin proteins to cro sslink actin.

UwUOT T wEBUUU x Ub O ribiddioinintbitod & aspBidded Wita| 1 E E
YDOEUOPOwWI 1 EEWEOOEDPOWDP OBE UEGH®AHOW Yuipd Bdbisd tud £ Db Bk
link actin filaments is often contextualized to FAs or AJs. Notwithstanding, the vinculin

head also binds the actin crossOP 0 0D 01 wk B O CEi@dsai® a common actin

crosslinking protein that form anti -parallel homo -dimers, capable of withstanding loads

up to 40-80pN for rates between 4 and 50pN/s[195]. Similar to vinculin z UwU UO@E U U UI
actinin can be divided into three important sections. Firstly, the N -terminal EOOEDP QuwOIi wY
actinin harbors an actin-binding domain [196]. Secondly, a central rod domain is

composed of four spectrin-like repeats (SR)[197, 198] And thirdly, the C -terminal

E O O E b Gantlhih coiains a calmodulin -like domain [199]. Anti -parallel dimerization

occurs between the central rod domains, and actin binding is thought to be regulated
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through calcium binding to the calmodulin -like domain [200]6 w UwOOEEWEEUOUUWE
actinin dimer increases, the individual SRs unfold, unveiling cryptic vinculin bindings

sites (VBSs) (Fig2.ZA8 w2 UUEDI Uwl EYI] wUT O b QacthiOF Wuwsd QkuU OD O wE
fragments with K o of 80nM [168, 201]Jand | U O O w Gactinin With K ¥of 10uM [202],

suggesting additional activation pathways are needed for vinculin - Y-actinin

PDOUI UEEUDOOUG w( O w0 e Euwm®d O Bl we A | KuEBDEEbAau@Iadui YO O E |
and refolded as forces were reduced [203]. Vinculin appears to bind and stabilize SR4

during repeated stretching cycles, as refolding of SR4 was not observed after vinculin

binding [203]. Some evidene suggests that this interaction does not necessarily require

SR4 unfolding [79]6 w- 1 Y1 UUT 1 O1 UUOwY b O¥actibiDdppedt toil@s8ly UEE UD OC
mimic its interactions with talin. Therefore, vinculin has the potential to act as a

mechanosensitive actin mechanocoupler. The regulatory mechanisms and implications

of this function ha ve yet to be explored.
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actinin cross-link F-actin filaments. Upon the application of loa d, spectrin-like repeats
(SR) in the central road domain unfold. When SR4 unfolds, avinculin binding site is
revealed and vinculin can reinforce the Y-actinin cross-link.

2.6.6 Vinculin as an ideal protein for studying molecular mechanisms
of mechanocoupling during collective cell migration

Vinculin is an ideal protein for studying molecular m echanisms of collective cell
migration because it is the only protein known to be mechanically recruited to both FAs
and AJs[27, 106] Our current understanding of vinculin biology suggests that force -
activated recruitment of vinculin may be a highly conserved feature that makes vinculin
an important, integrative mechanocoupler in the context of CCM. At FAs, vinculin acts
to stabilize the adhesion through interactions with talin and actin. At AJs, vinculin is
thought to stabilize cell-cell interactions U1 U O Udalenin¥and actin binding. Moreover,

vinculin may cross-OD OO WEEUDP OwdIT Uk OU O U wU fadlifinUHoveud @ U1 UEEUD
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DPUWUOGEOI EUwPT EQwOI ET EOPUOUWUI T UOEUIadYDOEUODPOZ U
wh ether this regulation has implications for mechanocoupling of CCM. A key step in

vinculin function is its switch from an autoinhibited, inactive form to an open, active

form. Preliminary studies have suggested that phosphorylation of various vinculin

residues could module this switch. Therefore, mechanisms may exist which enable cells

to regulate vinculin mechan ocoupling to affect CCM. While many studies have

examined vincul B 0 z Usuinn@dahadnocoupling adhesion structures in isolation, few if

any have examined the combined role of vinculin regulation and mechanocoupling in

mediating multicellular processes, such as CCM.

3 Establishment of core techniques

This thesis relies heavily on the use of FREFbased biosensors br measuring
protein loads and conformations. To properly implement and use these sensors requires
intensive microscopy skills and analytical techniques. In this Chapter, improved
methodologies were developed to ensure accurate, reproducible measurementsare

achieved. This Chapter is based on work published in Cytometry Part A [204].

3.1 Improving the quality, reproducibility, and usability of FRET-
based tension sensors

3.1.1 Introduction and rationale

The effect of mechanical force on cellular behavior is an emerging field of study that

has garnered significant interest from diverse disciplines, including cell biology,
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biophysics, cancerbiology, vascular biology, and tissue engineering [134-136].
Researchers areften interested in determining which proteins are key to
mechanotransduction pathways and how these prot eins transmit an d/or detect
mechanical cues[51, 126, 137]Researchin this area has predominantly focused on two
adhesion structures, namely focal adhesions (FAs) and adherens junctions (AJs),because
they serve @s link agesbetween aE I O O z-gendraéing &ctomyosin network and the
extracellular environment [51, 126, 137] Whereas FAsbind to extracellul ar matrix
proteins, AJs adhere to receptors on adjacent cell membranef2]. Both structures involve
hundreds of distinct protein types and exhibit mechanosensitivity , meaning they sense
and respond to changes in mechanical loading [51, 126, 137]

One tool for studying mechanical load across proteins is aF rster resonance energy
transfer (FRET)-based tension sensor which enables the measurement of molecular-scale
forces based on changes iremitted light [126, 132, 133, 13841]. The first calibrated,
genetically-encoded FRET-based tension sensor was developed to study vinculin [23], a
mechanical linker protein that localizes to both adhesion structures, and solidified the
importance of vinculin in mechanosensingand migration [19, 23, 27, 106, 143, 144]
FRET-based tension sensors havesince been readily adopted and engineered into at
least 14diffe rent proteins [138], demonstrating the usefulness and importance of this

tool.
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Wit h the widespread applic ation of tension sensorsto div erse proteins and
systems, some contradictory data has been observed and the lak of clear standards for
the accuracy and reproducibility of thesemeasurements hasbeen noted. In particular, it
had beendemonstrated that E-cadherin is under constitutive load in Madi n-Darby
Canine Kidney (MDCK ) cells[205] and also exhibits spatial gradients in migrating
Drosopila mdanogasteborder cells [206]. Another study, however, failed to observe any
E-cadherin loading in D. melanogastdissues[207], leading the authors to question the
reproducibility of measurements made with tension sensing modules. To address this
concern, we have developed a setof approaches for both determini ng and increasing the
limit s of FRET-based tension sensoraccuracy.

FRETIinvolves the non-radiative transfer of energy from a donor fluorophore in
the excited state to a nearby acceptor fluorophore (<10-12nm separation) in the ground
state [145]. FRET increases as the distance between thewo fluorophor es decreases.
Typically, FRET is quantified in one of two ways, using FRET index or FRET efficiency
[208, 209] FRET indices have a variety of definitions but are typically semi-quantit ative
estimates of the £nsitized emission of the accepta flu orophore due to the excitation of
donor fluorophore [210]. These arerelative measurements that aredevice- and setup-
dependent, but generally scale with changes in FRET for single chain sensors contairing
functional fluorophores [210]. For most single chain FRET-based biosensors, such as

activity -basedor conformati onal-based biosensors, the absolute distance between
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fluoroph oresis of less interest than the relative change of FRET signalwithin cells or in
response to specific treatments [165, 211, 212]In these instances, FRET inéx is often a
suitable metric for measuring the relative magnitude and dynam icsof interactions
within a single cell [213]. Alt ernatively, FRET efficiency is aphysical quantificati on of
the fraction of donor excitation events that transfer energy to an accepta fluorophore
[145]. This is a device independent, absolute measurement that is directly re lated to the
sepaation distance of the fluorophores, as well as thdr orientation and rotational
dynamics in some caseg[214].

In FRET-based tension sasors, the physical separation of the fluorophores is a
key variable. In these snsors, two fluorophore s capable of FRET are linked by a
deformable element and then inserted between load-bearing domains of a protein to
enable the measurement of the forcestransmitted acrossthe sensor [133, 215] In the
absence of loal, the linker has an expected characteristic rest length that depends on the
flexibility of the lin ker [142], and the fluorop hore pair is expected toexhibit a
corresponding characteristic FRET.When load is applied, the linker stretches, FRET
decreases, aml the application of load can be determined from the FRET signal. While
FRET indices can beused to quantify these relative changes[205, 216] the determination
of loads requires the measurement of FRET efficiency [145]. The determination of load
also requires the sensor to becalibrated, meaning the relationship between the applied

load and FRET efficiency has been measued or modeled [23, 142] While there are a
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variety of instruments for measuring FRET efficiency, they are typically expensive or
require advanced equipment ascompared to instruments for measuring FRET index
[217, 218] In additi on, there may be other disadvantagesassociated wit h instruments
required for measuring FRET efficiency [219]. For example, certain techniques, swch as
fluorescence lifetime imaging microscopy (FLIM) or spectral imaging, involve high -
powered lasers and less sensitivadetectors, which limit both the spatial and temporal
resolution of FRET-based sasors [209, 220, 221]

A suitable, but not often employed, alternative is to determin e FRET efficiency
using sensitized emission-based imaging [218, 222] Like FRET index measurements,
these approaches arefast, sensitive, and can be performed on most standard widefield
or confocal microscopes Compared to FLIM and spectral imaging, this approach is
relatively inexpensive, accessible, andhas greater spatiotempor al resolution. Due to the
high resolution of this app roach, spatial gradients in protein loading can be visualized
within the cell and sub-cellular structures [142, 152] However , sensitized emission
methods require additional calibration steps, includin g corrections for spectral
bleedthroughs and determination of two device- and setting-dependent constants [139,
209, 210, 218]JAdditionally , it has previously beendemonstrated that sophisticated
approaches, involving numerical techniques suchas maxmum likelihood e stimation,
are required for accurate esimati ons of FRET efficiency in the limit of low signal to n oise

[223]. As a resut, the complexities associated with these stepshave often discouraged
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reseachers from pursuing senstized emission as amethod for determining FRET
efficiency, despite its advantages ower other options.

To reduce challenges and improve the accuracy of FRET-based tension
measurements made using senstized emission, we desaibe a straightforward and
precise numerical technique for estimating the two crit ical calibration constants.
Further more, for measurements with relatively high signal to noi se raios (e.qg.
experiments not performed through photon co unting -basedmethods), we develop an
improved numerical approach for the characterization of FRET efficiency on a per-cell
basisand validate this method by investigating whether fixation , permeabilization, or
immunolabeling pertu rb function of the tension sensor module. Using the original
vinculin tensi on sensor (VinTS) asan example, we find that thesetreatments do not
affect the function of this sensor, demonstrating that FRET-based tension sensrs can be
combined with immunofl uorescerce approaches Furthermore, we show that our
numerical approach enables the detection of small dif ferences in FRETefficiency
between two similar, y et structu rally distinct, FRET constructs, clearly demonstrating
one asthe preferred design. Lastly, we demonstrate guideline s that establish the
uncertainty in FRET efficiency measurements asscciated with a given sample size,
enabling a priori estimatesfor experimental design in future work . Together these data

establish the usetulness of our numerical approach and affirm FRET-based tensimn
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sensors as robust indicators of th e mechanical loads experienced by proteins in li ving

cells.

3.1.2 Materials and Methods

3.1.2.1 Generation of DNA construc ts

Construction of pcDNA3.1 -VinTS, pcDNA 3.1-VinTS-1997A, pcDNA3.1-TSMod,
pcDNAS3.1-VinVenus A206K internal, pcDNA3.1-VinmTFPlinternal, and pcDNA3.1-
MTFP1-GGS2Venus transient expression constucts has been described previously [23,
142, 152, 224]To create additiona | control constructs to detect the presence of
intermolecular FRET, pcDNA3.1-VinTS dark mutants were generated from pcDNA3.1-
Vin TS, in accordancewith pr eviously described methods [225]. Specifically, dark mTFP1
and dark Venus A206K were created by mutating eit her Y71 or Y66, respectively, to
leucine. The pertinent primers are listed in Table 3-1. To create a low FRET construct
useful in calibration approaches[218], pcDNA3.1 mTFP1-TRAF-Venus was constructed
using Gibson Assembly. Specifcally, the vector backbone containing mTFP1and Venus
A206K fluorescent proteins was derived from pcDNA3. 1-TSModOWE OE wUT 1T w3 - %Y w
receptor associated factor (TRAF) domain was isolated from CTV (Addgene #27803)
[226]. Primers used to assembe pcDNA3.1 mTFP1-TRAF-Venus in a three-fragment
Gibson Assembly reaction are detailed in Table 3-2. To create plasmids appropriate for
lentivirus , pcDNA plasmid s were digested with Nrul /Xbal and ligated into pRRL vector

that had been digested with EcoRV/Xbal.
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Table 3-1: Primers used in the construction of VinTS dark mTFP1 and VinT S

dark Venus.
Gibson Assmbly of VinTS dark mTFP1
Fragment| Pimer Name Seqby 0S opQ (2 0QOU
Vectal Ampcillin Reverse AGGAGCTARGCTTTTTTGCACAA
Vectorl | DarkmTFP1Forward GCGTTCGCCTTAGGBBAC
Vector2 | Ampicillin Forward TTGTGAAAAAAGCGGTTAGCTCCT
Vector2 Dark mTFP1 Reverse CTATGCCTAAGGCGAACGC
Gibson Assembly o¥inTS dark Vems A206K
Fragment| Primer Name { Slj dzS yii®S 0600
Vectorl | Ampicillin Reverse AGGACPRACCGCTTTIGCACAA
Vectorl | Dak Venus A206K Forward CCTGGGCTTAGSGCA
Vector2 | Ampicillin Foward TTGTGCAAAAAAGCGRITTCCT
Vector2 | Dark Venus A206K Rese TGCAGGCCABCCCAGG

Table 3-2: Primers used in the construc tion of pcDNA3.1 mT FP1-TRAF-Venus.

Gibson Assembly of pcDNA3mTFPiTRAR/enus

Fragment| PrimerName Sequenc® pQ (12 0QO0

Vectorl | VenusTRAF Forward CCGGACTCAGATCTATGE G AGGAGCTGAT
Vectorl | Ampicilin Reverse AGGAGCTAACCGCTTTTATER

Vecta2 Ampgillin Forward TTGGCCAARAAAGCGGTTABCCT

Vector2 | mTFPATRAReverse TCTCCAGGATTI CCGGAGCGGGCCAGGGC

Insert mTFPATRAHR-orward TGBCCCGCTCCGGAGAGAGEBAGEAGAAG

Insert VenusTRAF Revse TCCTCGCCCTTCATAGKSAGTCCGGAGAGCTCTG

3.1.2.2 Cell culture and ex pression of DNA co nstructs

Mouse embryonic fibroblasts lacking vinculin ( vinculin -/- MEFs) were

generously provided by Drs. Ben Fabry, Wolfgang Goldman, and Wolfgang Z iegler

[227]. All MEF lines were maintained in high glucose DulbeE E O 7 difigsE @$ ET Ol z Uw

Medium (D64 29; Sigma Aldrich) supplemented with 10% fetal bovine serum (HyCl one),
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non-essential amino acids (Gibco), and antibiotic-antimycotic solution (Sigma Aldrich).

HEK293-T cells, used for viral prod uction, were maintained in high glucose DUOET EE Oz Uw
MoEDI Bl Ew$ ET Ol z WiutarhirceBattiGedinm tichrhonate (D5796; Signa

Aldrich) su pplemented with 10% fetal bovine serum (HyClone) and antibiotic -

antimycaotic solutio n (Sigma Aldrich). Transient transfection of mammalian expression

(pcDNA3. 1) constructs was achieved using Lipofectamine 2000 Reagent (Invitrogen) and

OptiMEM ( Gibco) following the mME QU EEUU U1 NAJaonstiubt®vizEe O 08 w

introduced to vinculin -/- MEFs using standard lentiv iral transduction approaches and

cells expressang physiological levels of eachvinculin -basedsensorwere selected as

previously reported [152, 224]

To create @Il adherent surfaces appropriate for imaging, glass hottom
dishes (World Precision Instrume nts) were incubated with 10 pg/ml fibronectin (Fisher
Scientific) in PBS at AL overnight. Dishes were rinsed oncewit h PBS prior to cell
seeding. MEFs were seedd with 25,000 cells per dish. For live imaging, cells were
spread in culturing media for 2 hours and then switched to imaging media ( Medium
199, Gibco) supplemented with 1 0% fetal bovine serum (HyClone) for another 2 hours.
For the fixed condition, cells spread in complete media for 4 hours and wer e then fixed

as described below.
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3.1.2.3 Immunofluorescent staining

For immunofluorescent labeling, cells were fixed with 4% EM grade, methanol-
free paraformaldehyd e (Hectron Mi croscopy SciencesHatfield, PA) for 10 min and then
rinsed with PBS before grmeabilization. Cells were treated with 0.1% Triton -X for 5 min
and then rinsed with PBS. Fresh, 2% bovine serum albumin (BSA,Sigma Aldrich) in PBS
was used as blocking buffer for 30 min. Primary vinculin antibody (Sigma V9131, 1:500
in blocking buffer ) was applied for 60 min and then rinsed three times with PBS. Cells
were again blocked for 30 min. Secondary antibody (Thermo Fisher, AlexaFluor 647 goat
anti-mouse, dilu ted 1:500in blocking buffer ) was applied for 60 min. Cells were then

rinsed three times with PBS. Cells were imaged in PBS

3.1.2.4 Imaging

An Olympus inverted fluorescent microscope (Olympus 1X83, Tokyo, Japan) w as
used to image samples. Images wereacquired at 60x magnification (UPlanSApo
60X/NAL1.35 Objective, Olympus) and illuminated by a LambdalL$S equipped with a
300W ozonefree xenon bulb (Sutter Instrument, Novato, CA). The images were
captured using a sSCMOS ORCA-Flash4.0V2 camera (Hamamatsu Photonics,
Hamamatsu, Japan). The FRET images were aquired using a custom filter set
comprised of an mTFP1 excitation filter (ET450/30x; Chroma Technobgy Corp, Bellows
Falls, VT), one of two mTFP1 emission filters (ET48520nm; Chroma Technology Corp or

FF02485/20-25, Semrock, Rehester,NY), Venus excitation filter (ET514/10x; Chroma
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Technology Corp), Venus emission filter (FF01-571/72; Semrock) and dchroic mirror
(T450/514rpc; Chroma Technology Corp).For sensitized emission FRET microscopy,
three imagesare acquired to calculate FRET efficiency[209]. These include imaging the
acceptor (Venus excitation, Venus emission), FRET (mTFP1 gcitation, Venus emission),
and donor (m TFP1 excitation, mTHP1 emission). We note that live and fi xed conditions
as well asthe two mTFP1 emission filters yielded different G and k estimat es. For each
experimental setup, the appropriate calibration factors were used during the analysis,
and equivalent measurements of FRET efficiency were doserved. For imaging
AlexaFluor 647, we utilized the Cys5 filters from the DA/FI/TR/Cy5 -4X4 M-C Brightli ne
Sedat filter set (Semrock) and theassociated dichroic mirror (FF410/504582/669-Di01).
Exposure times for imaging of Venus, Teal-Venus FRET, Teal, a Cy5 were 1000ms,
1500ms, 1®0ms, and 1000ms, respectivelyThe motorized filter wheels (Lambda 10-3;
Sutter Instrument), automated stage (H117EIX3; Prior Scientific, Ro&land, MA), and
image acquisition were controlled through Me taMorph Advanced software (Olympus).
For live cell imaging, a constant temperature was maintained across the sample using an
objective heater (Bioptechs Butler, PA 15081913) in conjunction with a stageand lid
heater (Bioptechs StableZ System 4031926).Live samples were imaged for no more

than 1 hour.
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3.1.2.5 Correction of imagin g artifacts and determination of spectral bleedthroughs

Imaging artifacts were identif ied and corrected as previously described [139]. To
measure dark current, approximately 40 images were acquired and averagedin each
channel wit h all shutters closed. To correct for uneven illumination, approximately 10
images were taken for each channel on regions of a dsh lacking cells or on a separate
cdl-free dish. Cell-free dishes were treated the same as the experimental dish and
imaged in the same focal plane. Shadeimages were determined by normalizing by the
maximum intensity of each image and averaging across e stack of normalized images.
Sincecells were plated sparsely, the badcground inten sity of each image was determined
by estimating the mode pixel intensity of each image, following corrections for dark
current and uneven illumination . To correct for three-dimensional offsets caused by
chromatic aberrations and minute hardwar e misalignments, 500 nm diameter
microspheres (Fluoresbiite YG and TetraSpeck) diluted in PBS were incubated on glass-
bottom dishes overnight to permit evaporation. After adsorption, d ishes were washed
three times in PBSand imaged in PBS. After leveling the dish in the stage holder, Z-
stacksof 21images (100m step size) were acquired. For Fluoresbrite YG beads, donor
and FRET channels were imaged. For TetraSpeck beads, acceptor andRET channels
were imaged. Approximate ly 10 stacks were acquied for each bead type. Custom

MATLAB (Mathworks) software was usedto perform 3D registration of channels.
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To measurespectral bleedthroughs, vinculin -/- MEFs were transfected with
either soluble mTFP1 or Venus and imaged in acceptor, FRET, and donor. Prior to
estimating bleedthroughs, all images were corrected for anomalies due todark current,
uneven illumination, background intensity, and chromatic aberrations asdescribed
above and elsewhere [139]. Donor bleedthrough (dbt) is the amount of donor emission
captured in the FRET channel, and crosstalk is the amount of donor excited and
captured by imaging the acceptor channel. Acceptor bleedthrough (abt) is the amount of
acceptor directly excited during FRET im aging, and crosstalk is the amount of acceptor
excited and captured by imaging the donor channel. For our system, bleedthroughs do
not depend on intensity and cross-talk between the channels isnegligible . To determine
abt, pixels of similar acceptor inte nsity were binned for each construct, and the
corresponding FRET intensity pixels for each bin was averaged. A li near curve was then
fit to the relationship betw eenmean FRET intensity and acceptor intensity. The slope of

this fit provided an estimate of abt. The same procedure was used to clkcul ate dbt.

3.1.2.6 Calculation of FRET efficiency from sensiti zed emission

FRET was detected through measurement of sensitized emission [218] and
calculated using custom written code in MATLAB [139]. All anal yseswere conducted on
a pixel-by-pixel basis. Prior to analysis, all images were corrected for dark current,

uneven illumina tion, background int ensity, and chromatic aberration as describedin the
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previous section. To correct for spectral bleedthrough in experimental data, pixel -by-

pixel FRET corrections were performed according to the equation:

where Fcis the corrected FRET image |t is the intensity in the FRET-channd, laais
the intensity in the donor -channel, and laais the intensity in the acceptor-channel.

Through imaging donor -acceptor fusion constructs of differin g, but constant,
FRET eficiencies, it is possible to calculate two propor tionality constants that enablethe
calculation of FRET efficienciesfor any single-chain biosensor[218]. The G factor is

calculated as:

()

"y

where indicates the change baween two donor-acceptor fusion proteins.

The k factor is calculated as

I F
= dd {" {3}

'irﬂﬁ

With these two proportionality consta nts, it is possible to calculate both FRET
efficiency (E) and the relative concentration of donor and acceptor fluorescent proteins

[DI[A] in asample:
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To empirically calculate the G factor, distributions of acceptor-normalized
corrected FRET (R/lza) and acceptor-normalized donor (I dd/l2a) were compiled from all
pixels for each construct(GGS2and TRAF) for a single experiment. Relevant pixels were
isolated by manual cell masking. The mean, median, and mode of Fd/laaVs. ldd/laa Was
determined for GGS2 and TRAF. The G factor was calculated as theslope of the line
conneding each set ofpoints, which stems from equation (2). A single day of imaging
GGS2and TRAF yields a single estimate of the G factor, and a total of four independent
experiments were conducted. The data from the four independent experiments were
also used to estimate the k factor asdefined in equation (3). The k factor was calculated
pixel-by-pixel, and the distribution of the pixels for each construct (GGS2 and TRAF)
was compiled. The k factor was estimated using either the mean, median, or mode of
these distributions .

All sym bols used in these catulations have been summarized below.

Table 3-3: Glossary of symbols used in the calculation of FRET efficiency

Symbol | Definition

R Corrected FRET, defined as

It Intensity in the FRET chael
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lgg Intensity of donor channel

laa Intensityof acceptor channel

abt Acceptor bleedthrough

dbt Donor bleedthrough

G Calibration factor that represents a ratio of the sensitizaedeptor emission to the
amount of donor quenching due to FRET fogkirchain biosensors
k Calibration factor that rpresents the fluorescence intensity ratio between the don

and acceptor in the absence of FRET for single chain biosensors

E FRET effiency

[D] Donor concentration

[A] Acceptor concentration

[D)/[A] | Ratio of donorto-acceptor concentration

3.1.2.7 Automated im age analysis

Custom written MATLAB (Mathworks) software was used for all ima ge analysis.
To identify single cells on an image, closed boundaries were drawn by the user basedon
the unmasked accepor channel image. Information outside cell boundaries was
discarded. For VinTS and VinTS-1997A images, FAs were identified in the accepbor
channel, which is proportional to sensorconcentration. Specfically, the FAs were
segmented using the water algorit hm, aspreviously descibed [23, 142, 152, 224, 228]
The result of the FA segmentation was output as a binary mask, which was then applied
across allimages reailting from FRET analysis for visu alization of data.

For each cell, FRET efiiciency was characterized using the mean of the
bootstrapped mode, a metric previously validated for charac terizing biol ogical data
[229]. Per common bootstrapping techniques[230], pixels within a cell were randomly
sampled with r eplacement and the sample mode was estimated using the haltrange

mode algorithm [229]. This step was rdterated 1,000timesto generate a dstribution of
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the estimated modefor eachE1 OO0z U w%1 $ Bheiindah d thiddis@ititibon,
referred to as the mean of the bodstrapped mode, was used to characterize FRET
efficiency for each cell. For TSMod, only pixels isolated by manual cell masking were
sampled. For VinTS-1997A and VinTS, pixels masked by both focal adhesion masking
and manual cell masking were sampled. The sample size corresponded to he number of
pixels within eachanalyzed cell. Note, the mean of the bootstrapped mode provides a
single data point for each celO FRETi efficiency . An analogous procedure was conducted
to determine the donor -per-acceptor value for each cell. Cells with a donor-per-acceptor
value smaller than 0.50r greater than 1.5 wereexcluded from subsequent analysis. In
comparing population s of cells, common statistical techniques were used to compare

each population of data points.

3.1.2.8 Analysis of FRE T efficien cy uncertainty

To estimate the uncertainty of FRET efficiency measurements based on the
experimental sample size,we randomly drew samples from our large datasets This
approach assumes that the complete dataset, consisting of hundreds of cells,accurately
reflects the true distribu tion of the underlying popu lation. Specifically, at each sanple
size (1-:150cdls), the data was randomly sampled with replacementfrom each
population, and the sample mean was calculated for a total of 10,000 iteratiors per

sample size. Thus, a distributi on of the sample mean was generated for each sampe
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size. The uncertainty was defined as the width of the 95% confid ence interval of this

distribution for each sample size.

3.1.2.9 Statistics

Statistical analyses wereperformed using the software JMP Pro 13 (SAS Cary,
NC) or RStudio (Version 1.0.136).Comparisons of data with equal variances, as
di Ul UODBPOI E wpk b U,iwere-dnalyzed with BhuABIOVAGN |, if necessary,
3 UOI a z tesis Datasets with unequal variances wereanalyzed with the non-
parametriE w6 1 OET z Uw , if necessay F3AresHowell tests. A p value of p <0.05

was considered statistically significant.

3.1.3 Results
3.1.3.1 Converting measurements of sensitized emission to FRET efficiency

A key step in the use of sesitized emission methods to quantify FRET efficiency
for single-chain bio sensors is the determination of four calibration factors [218, 222] The
first two are used to correctfor the bleedthrough of emission of the donor and acceptor
fluorophores into the FRET channel. These two orrections are commonly usedin the
context of FRET indices[208, 209] and methods for their determination are relatively
standard [139, 213] The third factor, typically termed G, represents a rdio of the
acceptor emission in the FRET channelto the amount of donor emission in the donor
channel for equimolar concentrations of excited donor and acceptor fluo rophores, such

as the casdor single chain biosensors[218, 231] Thesethree parameters are used to
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convert sensitized emission images, taken in the donor, FRET, and acceptor channels,
into FRET efficiency. The fourth factor, k, represents the fluorescence intensity ratio
between the donor and acceptor, at equimolar concentrations, in the absence of FRET
[218]. This parameter can be useal to calculate an estimate of the ratio ofthe
concentrations of the donor and acceptor, which enables measwements of fluorophore
stoichiometry. For single-chain biosensors the ratio should be unity . Notably, all
calibration factors are fluoroph ore-, instrument-, and setting-dependent [218].

G and k can be determined with a single imagin g setup and do not
require FLIM or another technique to provi de further informatio n [218]. To do so, two
constructs with two different, but constant, FRET eficiencies are separately expressed in
cells and imaged. The difference in FRET between the two constructs, due to the
differences in their lin ker lengths, should be as wide as pos#ble to improve the
edim ation [218]. In this work, ¢ onstructs consisted of mMTFP1 and Venus (A206K), which
correspond to the FRET pair used in VinTS [23]. These fluorophores were chosen dueto
their improved brightness and photostabili ty [232, 233] as compared to other genetically
encoded fluorescent proteins, and suitability for FRET [234]. To createa high FRET
construct, the short flexible linker 2x(GGSGGS) which we denote as GGS2 was utilized
receptor associated factar (TRAF) was used ashas been done peviously [218, 224, 226]

The constucts mMTFP1-GGS2Venus and mTFP1-TRAF-Venus were separately expressed
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in vinculin -/- mouse embryonic fibroblasts (MEFs). Cells were imaged acwrding to the
details in Materials and Methods. Following acquisition of sensitized emission images,
the donor (l4d), bleedthrough -corrected FRET (Fk), and acceptor (la) imageswere used to
calculate acceptor-normalized corrected FRET (R/l=a) and accepta-normalized donor
(laa/122) intensities (Fig. 3.3A-B), which are used to estimate G. We later confir med that
GGS2and TRAF resulted in significantly differe nt FRET efficienciesas expected(Fig.

3.1).
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Figure 3.1: FRET efficie ncy comparison of calibration constructs. Sample
images, corresponding to Fig. 3.3, of acceptor and the calculated FRET efficiency of
vinculin -/- MEFs expressng cytosolic (A) GGS2 and (B) TRAF-based constructs. The
corresponding pix elwise FRET efficiency distributions are shown for each image. C)
Mean FRET efficiency for [D]/[A] filtered GGS2 (n = 200 cells, N = 4 experiments) and
TRAF (n =138, N = 4 expernents). Error bars are one standard error of the mean.

To identify single cells in an image, closed boundaries were manually dra wn
based on the unmasked acceptor channel image. Information outside cell boundaries
wasdiscarded. Previous work using this met hod estimated the G and k factors using a

cell-averaged approach[224]. This approach, however, was sensitive to outliers and
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required user-defined selection criteria to reproducibl y estimate the calibration factors.
Therefore, we sought a robust, unbiased approach for precisely estimating the

calibration factors required for calculating FRET efficiency from sensitized emission.

3.1.3.2 Mode -based numerical approach fo r determining calibration factors

Because microgope calibrations, such & spectral bleedhroug h corrections, are
measured pixel-by-pixel [139], we reasoned that a pixetbased approach might provide a
precise, automated method for estimating the sensitized emission calibration factors. A
sample density plot of all pixels, compiled from a single exp eriment, of accepor-
normalized corrected FRET (Fd/las) versus the acceptornormalize d donor (lad/laa) is
shown for GGS2 and TRAF (Fig. 3.3C). The data from both constructs is non-Gaussian
and skewed toward the origin , suggestingthe mean, median, and mode ae likely to
yield different values [235]. Therefore, we examined which metric of the distribution
average led to the most robust estimation of the calibration factors. While calculating the
mean and median is straightforward, various methods exist to approximate the mode of
a continuous distribution [229]. Here, the half-range mode algorithm [236] was used
because t does ot requir e user input, such as bin size specifiation, and has previously
been establishedas asuitable method for analyzing biological data [229]. The half-range
mode algorithm is an iterative processwhereby a dataset is split into two groups based
on the midpoint O1 wUOT 1 wE E UEd 3.2 The grabp With more points is
identifi ed and subsequently split based on the midpoint of its range. This process of
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estimating smaller interval s continues until only two points remain. The estimated mode
is equal to the mean of these two points. For each experiment, the distribution average
was determined for bot h GGS2 and TRAF using the mean, median, and mode. Then for
each metric, the slope of the line connecting the two data points provided an estimat e of
G. Estimates of G wereseparately measured across faur independent experiments
(GGS2: n=207total cells; TRAF: n = 152 total cells), and the use o the three metricsto

estimate G were compared (Fig. 3.3D).
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Figure 3.2: lllustrati ve example of determining the mode using the half -range
mode algorithm. First, the dataset is divided along U1 1 WwOPE x OPOUwOI wUi 1 wgEEU
Then, the group with mo re points is selectal. The process d selecting smaller intervals is
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repeated until only two points remain. The mean of the final two points is considered
the mode.

First, the dataset is divided aO OO1T wUT 1 WOPE x OPD O U whHenythd 1| WEEUEU
group wi th more points is selected. The process of selecting smaller intervals is repeated
until only two points remain. The mean of the final two points is considered the mode.
Although statistical te sts could not detect differences between the results of the
various methods, the mode-based calculation of the G-factor (mean = 2.10, se = 0.026)
was the most precise In comparison, the mean- (mean = 2.61 se = 0.377and median-
based(mean = 2.29, se =.32) approachesboth had significantly larg er standard error
(Fig. 3.3D). Comparison of these calalations to our previously published cell-averaged
method [224] (mean = 2.25, se = 0.15%)emonstrates that the mode-based estimation
provides similar resul ts to our previous approa ch witho ut the need for user-defined

exclusion criteria used in the previous work .
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Figure 3.3: Estimating calibration constant for sensitized emission-based FRET
measurements. (A) A cytosolic module consisting of mTFP1 (blue) linked to Venus
(yellow) via a glycine-glycine-serine repeat (GGS2) which results in high FRET due to
the short linker length. (B) A cytosolic module consisting of mTFP1 (blue) linked to

Venus (yellow) via a derivative of tumor necrosis factoU wE O x | E acpptor %Y A
associated factor (TRAF), which results in low FRET due to the long linker length.
Localization of the constructs in vincul in -/- MEFsis shown in the acceptor channel (laa).
The corresponding acceptor-normalized corrected-FRET (F/l=a) image and acceptor-
normalized donor (ldd/laa) image are shown with pseudo-coloring . (C) Heatmap of Fd/laa
vS. lua/laa pixel data used to estimate the G factor. Data comes from all pix els segmented
by cell masks for GGS2 (n = 74 cells) and TRAF (n 39 cells) from a single experiment.
Triangles, squares, and circles used todenote the mean, median, and mode, respectively,
of eachpopulation , and the slope of the black dashed line @rresponds to the estimation
of G based on the mode (D) Comparison of the four methods used to esimate G.
Methods include a previously described cell-averaged approach [224] and our newer
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pixel-based approach using the mean, median, or mode. Data and error bars are the

mean and standard error, respectively, from four independent experiments. Due to
unequal variances as determined by the + 1 Y 1 GebtQ WAUUOET z Uw - .5 whEUwWUU
statistically significant differenc ein means was notfound . Using the refined estimate of
G (2.10) the data pertaining t o mTFP1-GGS2Venus and mTFP1-TRAF-Venus was
further analyzed to calculate the k factor (Fig. 3.4A) acarding to equation (3) described
in the Materials and Methods . The distributions of the k factor for both GGS2 and TRAF
were compiled from all pixels acrossa single experiment and appear non-Gaussian (Fig.
3.4B). To determine which metric provi des the mostprecise estimation of k, the
distribution average was characterized using the mean, median, and mode. Across four
independent experiments, this analysis yielded eight estimates of k for each of the three

metrics. The comparisons (Fig. 3.4C) show that the three metrics, as well as the ceH

averaged approach, provide estimatesthat are nearly equivalent.
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Figure 3.4: Estimating the calibration constant for donor -per-acceptor ratios.
(A) Sample acceptor images of vinculin -/- MEFs expressing either GGS2 or TRAF and
the assodated cell-masked, pseudo-colored images of the calculated k factor. Scde bas
are 25.m. (B) Histo gram of pixel data corresponding to either GGS2 (plue, n = 74 cell§
or TRAF (orange, n = 39 cell$ from all cells in asingle experiment. (C) Comparison of
the four methods used to estimate k. Methods include a previo usly described cell-
averaged approach[224] and our pixel -basedapproach using the mean, median, or
mode. Data and error bars are the mean and standard erior, respecively, from both
constructs acrossfour independen t experiments. Following a Leven| 7z Wtuat ANOVA
did not find statistically significa nt differences in the means.

Together, these resultsdemonstrate that the mode is a precise, robust metric to
estimate the calibration factors for sensitized emission-based FRET efficiency

measurementsand doesnot require user-determined exclusion of outliers. We note that
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these approaches are more critical in the determination of G than k. We speculatethis
difference exsts becausethe calculation of G involves interpo lating data from multiple
constructs, wh ereask can be determined from a single construct. Thus, G may be more
sensitive to outliers, and the mode provides a robust quantification of the key

distributions.

3.1.3.3 Mode -based characterization of FRET effic iency wi thin a cell

Next, we tested whether a mode-basedapproach could better characterize FRET
efficiency within a single cell. To begin, we examined a construct, specifically an
unloaded tension sensor module (TSMod), that is expected to exhibit a single, normally
distribu ted FRET efficiency. When TSMod is expressed in the cytosol ofvinculin -/-
MEFs, a characteristic FRET efficiency of approximately 28.6%has previously be en
observed [224]. To characterize a ceD z U wéfficién8y distribution , we examined the
mean, median, and mode. Due to thelimited number of pixels per cell, however, we also
tested whether bootstrapping would reduce the potential effect of noise, as
recommended elsewhere [229]. We note bootstrapping is a commonly used method for
estimating properties of a statistic, such as the mean,median, or mode [230]. Briefly, a
sampling distribution of the statistic is d etermined by randoml y resampling the data,
and the bootstrap estimate of the parameteris the mean ofthe statistic from the
bootstrapped samples [237]. See Materials ard Methods for additional details on this

analysis. Comparison of over 400 cellsindividu ally characterized using the mean-,
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median-, and mod e, both with and with out bootstrapping, demonstrates that using the
bootstrapped mode results in a population average that most closely matchesthe

estimate from previo us work [224] but without the use of userdefined exclusion criteria

(Fig. 3.5). These findings demonstrate that, across a large population of cells,the

bootstrapped mode provid es an accurate, robustcharacterization of EWET 0Oz Uw%1 $ 3 w

efficiency distribut ion.

N
O

Average
FRET Efficiency (%)

Mean Median Mode Mean Median Mode

Bootstrapped

Figure 3.5: Comparison of different histogram characterizati on. Comparison of
different methods to characterize FRET efficiency in live, TSMod-expressing vinculin -/-
MEFs. For each cell, the FRET efficiency was charactézed from either the mean,
median, or mode, with and without bootstrapping . Data and error bars are the mean
and standard error, respectively, of the entire cell population (n = 454 cdls, N = 11
experiments). Dashed line representsa published FRET efficiency value of 28.6% for
unloaded mTFP1-(GPGGA)s-Venus (TSMaod) [224].

3.1.3.4 FRET-based tension sensor modules are insensitive to fixation

To begin to leverage the enhanced accuracy of themode-based characterization,
we chose tomore thoroug hly examine whether FRET-based tension sensors are
compatible with traditiona | molecular biology techniques. While FRET-based tension

sensors have been usé extensively in live cells, it would be useful to combine them with
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other molecular assas, such asimmu nofl uorescence[238] or proxim ity ligation assays
[239], but these techniques commonly involve cell fixation and me mbrane
permeabilization.

Fixation is known to have context-specific effects on fluorophores, ascertain
fixatio n protocols can quench fluorophores or significantly alter FRET measurements
[218, 240244]. Common fix ation protocols use paraformalde hyde (PFA) or methanol to
physically crosslink the constituents of the cell. Methanol, however, is inherently
incompatible with FRET -based tension sensorsbecause it leads to the denaturation of
fluorescent proteins [244]. Thus, vinculin -/- MEFs expressing g/tosolic TSMod (Fig.
3.6A) were imaged either live or follow ing EM-grade PFA fixation (Fig. 3.6B-C).
Analysis of hu ndreds of cells expressing TSMod demonstrate that the populati OO0z Uw 01 EQw
FRET efficiency of TSMod under live and fixed conditions is comparable at 28 4% and
28.7%, respectively (Fig. 3.6L). These more accuate mode-based charaderizations
suggest that fixation with PFA does notinherently compromise themoE UOI1 z Uw

fluorop hores or separation distancewhen it is expressed in cells.

3.1.3.5 Protein -incorpora ted tension sensor modules are insensitive to fixation

We next determined if fixation affects the tension sensor module when it is
incorporated into a protein such asVin TS, which consists of TSMod inserted between its
head and tail domains. As VinTS bearsactomyosin-generated forces andfixation could

affect the actomyosin network , an unloaded control wasfirst used to isolate the effects of
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fixation on TSMod when it is i ncorporated into vinculin and localize d to FAs. The
vinculin mutation 1997A, which dec reE U1 U w Y b héing @finfyzohati [143, 245]
was used to generate the unloaded control, denoted VinTS-1997A (Fig. 3.6D). Previous
work has shown that VinTS-1997A experiences no loads in live cells[152]. The mean
FRET dficiency of VinTS-1997A in live and fixed vinculin -/- MEFs (Fig. 3.6E-F) is 28.5%
and 27.9% respectively (Fig. 3.6L). Therefore, fixation does not appear to affect protein -
incorporated, FA-localized TSMod in the absence of load

VinTS (Fig. 3.6H) was next examined to determine whether fixation affects the
actomyosin network or TSMod in the presence of load. In vinculin -/- MEFs expressing
VinTS (Fig. 3.6-J), the x O x U O E radarCF&E Tletiiciency for live and fixed conditions
has values of 20.5%and 21.3% respectively (Fig. 3.6L). Thus, our mod e-based
characterization suggeststhat FRET-based tension sensos are compatible with this

fixation protocol.
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Figure 3.6: FRET efficiency of three constructs on vinculin -/- MEFs (A) The
tension sensor madule (TSMod) consists of two fluor ophores separated by aflagellifo rm
linker sequence (GPGGA)8. Loctization and estimated FRET efficiency of TSMd in (B)
live and (C) paraformaldehyde -fixed vin culin -/- MEF cells. (D) The actinbinding
vinculin tension se nsor mutant (VinTS -1997A) consistsof TSMod inserted after aa 883 ¢
vin culin and a point mutation a t aa 99. Localization and estimated FRET efficiency of
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VinTS-1997A in (E) live, (F) paraformaldehyde-fixed, and (G) vinculin
immunofluorescently -labeled vinculin -/- MEFs. (H) The vinculin tension sensor (VinTS)
consists d TSMod inserted after aa 883. Laalization and estimated FRET efficiency of
VinTS in (1) live, (J) paraformaldehyde-fixed, and (K) vinculin immunofluorescently -
labeled vinculin -/- MEFs. FRET distributions of all sample im ages are provided in Supp.
Fig. 3. (L) Mean FRET efficiency of TSMod (live, n = 458, N = 11; fixed, n = 378, N =11),
VinTS-1997A (live, n = 161, N = 11; fixedh = 50, N = 2; Vinculin IF, n = 272, N = 5), and
VinTS (live, n =173, N = 13; fixed, n = 164N = 6; vinculin IF, n =98, N = 3 under various
conditions. Following a+ 1 Y 1 @#, diffevences between (a)TSMod and VinTS-1997A
and (b) VinTS was determinl EwEa wE w61 OET 7z Uw -Howell TeatFEE®dE w& E O1 U

bars represent one standard error.

3.1.3.6 FRET-based tension sensors are unperturbed by a common
immunofluorescence protocol

As fixati on alone has limited application s, we examined the compatibility of
VinTS with immunofluorescence, used to detectthe abundance and localization of
proteins or specific post-translational modifi cations. A typical immunofluorescence
experiment requires the completion of several steps: fixation, permeabilization, blocking ,
and immuno -labeling. Sincenone of these sepsindividually are useful, we exanined if
FRET efficiencyof VIinTS is changed at the end of an indir ect immunofluorescence
protocol. Permeabilization and blocking were conducted with Triton -X and 2% BSAdue
to their widespread use. VinTS was immunolabele d using a vinculin primary ant ibody,
aswe reasoned the close poximity was m ost likely to reveal complexities such as
possible interactions between the antibody and tension senor. To minimize
intermolecular FRET between the tension sensor and fluorescenty -labeled secondary
antibody, Alexa Fluor 647 was chosen becaus its excitation spectra has minimal overlap
PPUT w51 OU bspeotraldd igola@ EXfectson the sensor itself and alterations in the
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actomyosin cytoskeleton, VinTS-1997A (Fig. 3.6G) and Vin TS (Fig. 3.6K) were separatdy
probed. For VinTS-1997A and VinTS, the populatio O znéan FRET efficiency is 28.0%
and 21.1%, respetively (Fig. 3.6L). These valuesdemonstrate that this

immunofluorescence protocol does not significantly affect VinTS measurements.
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Figure 3.7: Sample pixel -wise FRET effi ciency histograms . Sample images of
(A) TSMod, (B) VinTS1997A, and (C) VinTS under various conditi ons all exhibit
unimodal distributions.

3.1.3.7 Measur able differences in intermolecular FRET control s

To assesghe sensitivity of mode-based FRET characterization, we sought to
distinguish differe ncesin FRET signhals between two similar, but structurall y unique,
FRET constructs Specificaly, we examined two common pairs of constructs used to

measure intermolecular FRET. The first pair of constructs, termed internal controls,
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consist of vinculin wi th either mTFP1 or Venus in place ofthe tension sensor module
(Fig. 3.8A) [23]. The secondset of constructs, termed dark mutant controls (Fig. 3.8B),
consist of VinTS with a point mut ation that disrupt s the fluore scenceof either the
acceptor or donor [225]. The dark mutants were generated as descibed in the Materials
and Methods. Either the internal controls or the dark mutant controls were expressed,
imaged, and analyzed (Fig. 3.8C-D). However, to accurately estimate the amount of
interm olecular FRET occurring in VIinTS, it is necessary to have both physiological
expression levels and eqiimolar expression of the two constructs which make up each
control pair. To overcome this technological challenge, cells with an acceptorintensity
approximately half that of VinTS-expressing cells were seletively i maged. Further,
equimolar expression ofthe two constructs was achieved by examining cdls with a
donor-per-acceptor ratio between 0.5 and1.5. For both construct pairs, little
intermolecular FRET is observed as expected(Fig. 3.8E). However, the internal controls
(n = 24 cells, N = 3 independentexperiments) exhibit a FRET efficiency that is statistically
different from the dark mut ants (n = 3 cells, N =3 independent experiments). Thus,
with a r elatively small sample size, a difference in FRET efficiency of approximately 4%
is distinguishable . These results suggest that the internd controls over-estimate the
degree of intermolecular FRETthat may occur in VinTS. This disparity is lik ely due to
the structural differences in the two control pairs. The dark mutants are likely better

controls because they more closely mimic the structure of VinTS.
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Figure 3.8: Comparison of intermolecular F RET tension sensor controls. (A)
Internal vinculin interm olecular FRET controls contain Venus or mTFP1 inserted at aa
883. B) VinTS dark intermolecular FRET controls contain point mutations on either
Venus or mTFP1 thatdisrupt the flu orescent propertiesof the fluorophore. (C)
Localization of internal v inculin constructs co-expressed in a vinculin -/- MEF. (D)
Localization of VIinTS dark c onstructs co-expressel in a vinculin -/- MEF. The
corresponding masked FRET efficienciesare also siown. (E) Difference in the mean
FRET efficiency of vinculin internals and VinTS darks determined by t-test (p =0.0014.
Error bars are one standard error.
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3.1.3.8 Sample size affects uncertainty of FRET efficiency measurements

In recent FRET-based tersion sensor studies[146, 246251], sample sizes have
ranged from tens to hundreds, and statistics have been done on data that varies in
length scale from sub-cellular structures to whole cells . Therefore, we investigated how
sample size specifically the number of cells analyzed, affects the uncertainty of FRET
efficiency measurements. We focused on whole cell measirements so sensors that
localize to the cytosol as well as FAs could be compared.We simulated experim ental
sampling to approximate the uncertainty, defined as the width of the 95% confidence
interval of the sample mean, for a given sample size. Further d etails canbe found i n the
Materials and Methods.

First, we examined data from live and fixed cells expressing TSMod . The curves
pertaini ng to these conditions closdy align, dem onstrating that fixation does not alter
the uncertainty of FRET measurements(Fig. 3.9A). Next, we evaluated the performance
of TSMod, VinTS-1997A, and VIinTS under live conditions (Fig. 3.9B). TSMod exhibits the
least uncertainty at all sample sizes,and VIinTS exhibits the most. This suggeststhat both
incorporation of TSMod into a protein and being subjected to load may increasethe
uncertainty of FRET measurements Thus, the uncertainty may also be dependent on the
conditions experienced by the cells and/or cell -to-cell heterogeneity. Looking closer at
these results,the uncertainty of TSMod is 1.9% and 1.1% when looking at 30 or 100 cells,

respectively. Likewise, th e uncertainty of VinTS is 31%and 1.7% for 30 and100 cells,
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respectively. This demonstrates that extra care should be taken when evaluating FRET-
based tension sensor dataetsof small size and small changesin tension. For our
experimental setup, this analysis demonstrates that differences in roughly 1-2% FRET
efficiency can be distinguished at large sample sizes. Differences smaller than this,
however, appear unresolvable. This analysis serves as a valable gauge and could be
used asa rough indicator for when small samples are notindicative of populat ion
statistics. We suggest thatresearchersshould use theseinsights and similar analysesto

guide their own experimental design for studies involving FR ET-based tension sensors.
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Figure 3.9: Uncertainty estimates of FRET constructs. (A) Uncertainty in the
estimation of the x O x U O E tdedar{F@E Téfliciency as afunction of sample size for
TSMod expressed n live (n =454) and fixed (n =378 vinculin -/- MEFs.For each sanple

size, the uncertainty is the width of the 95%confidence interval of the meanz U
distribution , which arisesfrom the simulated experimental sampling explained in the
Materials & Methods . (B) The same analysiswas performed on data from live vinculin -
/- MEFs expressing either TSMod (n =454), VinTS-1997A (n = 161) or VinTS (n = 173)
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3.1.4 Discussion

Building on the previously established methods of using sensitized emission to
calculate FRET efficiency [218, 222] this work described approaches for minimizing and
guantifying variab ility in FRET calculations. To reduce the variability of FR ET efficiency
calculations, we first developed numerical meth ods to accurately calculate the necessary
calibration f actors. Our results demonstrated that a mode-based analysis of two control
constructs exhibiting high and low FRET , termed GGS2 and TRAF respectively,
provided the most precise estimate of the G and k calibration factors. A similar mode-
based approachwas incorporated i nto the analysis of FRET-basedtension sensorsto
increase the relability and consistency of characterizing the molecular loads experienced
by vinculin . While the intention of this pape r was toimprove FRET measurements of
VinTS, our previo us work has already validated the funct ion of this sensor [23, 142, 152,
224]. Notably, recent modeling efforts have described the effects ofthe rotational
mobil ity of the fluoropho res and the flexibility of the link er[142]. The describedmode-
based approachwas found to be less susceptible to noise and aitliers than the mean-
based approachwhic h is most commonly used to characterize FRET-based tension
sensor measurements[23, 146, 205, 225, 252Qlthough it was not explored in this wor k,
the skewness in the FRET efftiency distributions, specifically for the cytosolic sensors
could be an interestin g topic to explore. At this time, it is difficult to pinpo int a single

mechanism for the skewnessof the data from FRET-based biosensor expeaim ents. Sight
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changes inthe folding or functionality of a subset of the sensors, the localization of
sensors within different sub-cellular compartments, or a variety of ot her variabl es cauld
lead to changes that would aff ect the FRET. For this reason, we have chosen to focuson
accurately estimating the mode of the FRET dstributions, which , at sufficiently high
signal to noise, is an accurate quantification of FRET.Furthermore, we note that
demonstrating that previously developed control constructs [23, 224]report the expected
FRET efficiency is a simple and powerful means to ensure that experimental conditions
are achieving a sufficient signal to noise.

Using our robust characterization method, we further demonstrated that VinTS
is unperturb ed by several processing steps associged with immuno -labeling, namely
fixation, per meabilization, blocking, and antibody labeling . This is significant b ecause t
suggeststhat future researchers cansimultan eously measure molecular loads and
conduct ancillary tests on the same sample. This tpe of insight will likely lead to a
significant impr ovement in our understanding of mechan obiology and
mechanosenstive processed253]. For exanple, one could examine how adhesion
compaosition or signaling changes in response to load.However, we note that these
results may not be generally applicable. Similar evaluations are still necessary for FRET-
based tension sensors used in other proteins and likely for VinTS if it is used in cells

with in different mechanical microenvironments, such as in 3D cell culture. It should also

102



be noted that in vivo analyses which are limited in s ample size, may benefit from FLIM -
basedapproachesbecd) Ul wU T 1raquié &s@ary control constructs [254].

The sensitivity of the new method w as tested by comparing the FRET efficiency
of two simila r, yet structurally dis tinct, int ermolecular FRET controls. In addition to
detecting a small diff erence in FRET eficiency between the two controls, we found that
vinculin internal controls may over-estimate the amount of intermolecular FRET
occurring in c ells expressing VinTS. This demonstrates thatdark mutants are amore
appropriate intermolecular FRET control becaise they are nearly identical to the
structure of the tension sensor itself. We also note that the cytosolic sensors which
include GGS2, TRAF, and TSMod, are unlikely to unde rgo intermolecular FRET because
their acceptor intensity, an indication of concentration, i s approximately equivalent to or
less thanthe vinculin -based constructs.Previously, we had also shown that the FRET
efficiency of cytosolic sensors is independent of sensor concentration at or below the
observed expression leves [142].

Since the number of samples are often limit ed for complex biological
experiments, we examined how sample size affects the uncertainty in our estimation of a
x O x U O E raearCF&E Téfficiency. For all constructs, we found that small sample sizes
(< 3 cells) were associated wth high uncertainty . As sample size increased, uncertainty
reduced to an apparent limit of approxim ately 1-2% FRET efficiency. This suggests that

differences below this amount are indetermin able. Furthermore, it emphasizesthe
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benéfits of rationally designed s ensors that are optim ally tuned for particular force
regimens [142]. We also discovered that uncertainty is dependent on experimental
conditions or molecular loading. To obtain the large sample sizes required for this
analysis, we used stable, as opposed to transient, expressionof constructs. Alth ough
stable expresson permits the selection of construct expression levelsvia cell sorting,
there is a risk that homologous recombination may occur due to the sequence similarity
of commonly used fluorescent proteins [255]. To avoid homologous recombination,
stable expression should be reserved for tension sensormodul es consisting of
fluorophores derived from differ ent species, sich as the mTFP1Venus module used

here, or sequences thathave been codonscrambled [255, 256]

3.1.5 Conclusions and implications

To summarize, we showed that mode-basedapproaches improve the accuracy of
both the microscope calibrations needed for sensiized emission-based FRET
measurementsas well asthe measurement O I w E waéeiage ORED edficiency.
Additionally, we provide d estimates that enabk apriori estimates d the number of
measurements neeckd to achieve a desired accuracy. Thesemode-based methods
demonstrate VinTS measurementsare compatible with immu nolabeling techniques such
as fluorescerce co-localization and proximity ligation assay s, suggesing other sensors
may also be compatible with these commonly -used and powerful approaches To date,

only a few force-sensitive protein-protein interactions have been demonstrated, despite
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indications that they are prevalent in adhesion structures. Therefore, this work opens the
door for a host of possible experiments that could help researchers bette understand the

underlying mechanisms of mechanotransduction.

3.1.6 Extensions of this work

A primary goal of this Chapter Section was to outline guidelines that would
enable more researchers to conduct FREIbased measurementsof single-chain
biosensors (e.gtension and conformation sensors). Therefore, it is worth noting that
collaborators at Rutgers University (Boustany Lab) have extended our efforts at
lowering the barrier for using FRET-based sensorson a different ima ging modality . Due
to the highly accurate estimations of FRET efficiencywe provided for mTFP1-Venus
(A206K) separated by TRAF, GPGGAXx8, and GGSGGSx2the Boustany Lab has
developed similar simp lifi ed methods for FRET measurements made using frequency
domain fluorescence lifetime imaging microscopy (FD-FLIM) [257]. This will be
particularly useful for FRET -based tensimn sensor applications in animal models where

sample sizes ae small.
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4 Role of vinculin-mediated mechanocoupling in
epithelial sheet expansion

4.1 Introduction and rationale

Coordinated cell movement drives a variety of biological processes such as
developmental events, tissue homeostasis and cancer metastasis[1, 4, 13, 258, 259A
prominent question is how biochemical and biophysical information, which acts at the
level of an individual cell , is transmitted and integrated by neighboring cells to yield
coordinated behavior. In the case ofcollective cell migration (CCM), cell movement is
coordinated across many cell lengths through the mechanical coupling of cells [13].
Mechanocoupling refers to the mechanical integration of cell-cell adhesions and the
contractile actomyosin network, and can occur within a cell, between two cells, and
across many cells Although studies have identified pertinent signaling pathways
involved in initiating CCM, the mechanismsinvolved in mechanocoupling are poorly
understood [260, 261]

Epithelia are one tissuetype that rely on CCM to mediate important biological
processes ranging from embryogenesis towound healing [259]. The migration of
epithelial tissues is commonly described as sheet migration, which indicates that cells
migrate as a supracellular unit (i.e. a sheet). Sheet migration involves three key load
bearing and/or generating sub-cellular structures: focal adhesions (FAs), adherens
junctions (AJs), and the actomyosin cytoskeleton [3]. FAs are specializedcell-substrate

structures that enable cells toexert traction forces and migrate along a surface [21].
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While AJs share structural and composition similarities to FAs, AJs are distinct because
they mediate cell-cell interactions and enable cells to exert forces ontheir neighbors [22].
Cells are able to generate and resist forces through the action ofnon-muscle
myosin motor proteins on the actin cytoskeleton . Cytoskeletal structures common to
sheet migration include cortical actin, apicomedial actin, and actin belts [262-264]. The
organization of these structuresspan a continuum (Fig. 4.1) and some work has shown
that other types of actin network s, such & adisorganized cytoplasmic network, may
also have important biological roles [265-267]. Cortical actin is a dense and structurally -
heterogenous mesh that exists along the cytoplasmic side of the cell membrane[67, 262]
Apicomedial actin is a polarized actin network that forms inside the apical surface of a
cell [263], and actin belts, also referred to as pursestrings, are highly organized actin
structures which bridge AJs to form pluricellular cables[68, 268, 269] These distinct
structures are thought to play specific functional roles in enabling mechanocoupling. For
example, both cortical actin and apicomedial actin are believed to mediate important cell
shape changes, such as geraband extension and cell intercalation, in many
morphogenetic processes[262, 263] Actin belts, on the other hand, are thought to
mediate long-range mechanocoupling as evidenced by their role in developmental
events such asD. melanogastedorsal closure [270]. However, recent studies demonstrate
that long-range mechanocoupling during D. melanogastetiorsal closure is maintained in

the absence of actin beltd271, 272]. Currently, we lack a clear picture of how FAs, AJs,
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and diverse actomyosin structures are mechanically coupled to give rise to coordinated
migration critical to developmental events and other CCM -mediated processes A gap in
our understanding of mechanocoupling is how these structures mediate force

transmission between cells.

Cortical Actin Apicomedial Actin Actin Belts

"
88 <« EEE

Structural Organization

Figure 4.1 Depiction of actin structures common to epithelial sheet migration.
In order of increasing structural organization, t hese include cortical actin, apicomedial
actin, and actin belts.

Due to technical challenges in measuringin vivo forces, 2D wound healing assays
are frequently implemented to study the mechanicsof sheetmigration [273]. Madin -
Darby Canine Kidney (MDCK) epithelial cell line s are commonly used for studying
mechanics in this context[47-49, 274278], but researchhas yielded conflicting results.
Initial work demonst rated that traction forces were present throughout the migrating
sheetand highest at the leading edge[47]. This supported the notion that cells
throughout the layer could form FAs and individually migrate [48]. However, other
studies have shown MDCK traction stressesare restricted to the leading edge[274, 278,
279]. This suggests that migration of the cell sheet requires long-range

mechanocoupling, which has been demonstrated in multiple studies [49, 280] In some
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cases, a&combination of these behaviors has been observed and described as?finger?
migration. In finger migration, only a subset of cells at the leading edge generate traction
stresses and are thought to transmitthose forces to other cells via actin belts[274]. A
possible explanation for these different observ ations is the use of different MDCK cells
[281], which are poorly identified in the literature but have been shown to exhibit
different CCM characteristics [277]. As MDCK cells exhibit a range of actin structures
from cortical actin to actin belts [274], we studied both cell lines to uncover the
mechanisms of mechanocoupling. This work may help our understanding of how actin
and adhesion structures mediate in vivo processes frequently studied in developmental
biology. Importantly, our findings expand our und erstanding of molecular mechanics in
mediating CCM and CCM -based processes.

Progress indetermining pertinent mechanisms has been limited due to the
molecular complexity and technical limitations of determining which components are
mechanically relevant. This work overcomes these obstacles by using new force
sensitive biosensors[23], which enable the measurement ofin vivo protein loads, to
identify key mechanocouplers and their regul ation. We focused on the role of vinculin in
mediating mechanocoupling for three important reasons. Firstly, vinculin is the only
protein known to localize to both FAs and AJs in response to mechanical loading[27,
106]. Secondly, in response to goplied load, vinculin has been shown to increase the

strength of its inter actions with F-actin, a non-intuitive phenomenon referred to catch-
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bonding [282]. Thirdly, vinculin activity can be regulated by multiple kin ases through
site-specific phosphorylation [173, 174] providing a potential mechanism for the
regulation of mechanocoupling .

We began by studying two MDCK cell line s subjected to a nonwounding 2D
migration assay. We observedstark differences in migratory characteristic s, including
speed and velocity correlations which are commonly used to probe macroscale
mechanical coupling. Another characteristic difference in these cell lines was the
presenceor absenceof actin belt-based fingering protrusions. Therefore, we
hypothesized that molecular mechanisms of mechanocoupling were different between
these cells.Examination of the localization of classical mediators of cellcell adhesion,
including E-cadherin and Y-catenin, yielded no correlation to macroscopic
mechanocoupling. Next, we evaluated vinculi n, asit is known to exhibit a stronger catch
E O O E w Udatenihd ¥9, 282] Vinculin mechanocoupling was assessedy measuring
vinculin load with a force-sensitive biosensor. We found that vinculin mechanocoupling
was greater and more uniform in cells lacking actin belts . Excitingly , we discovered that
vinculin play sarole in mechanocoupling cytoplasmic actin structures. Furthermor e,
vinculin mechanocoupling at all subcellular structures was dependent on actomyosin
contractility andaUB O1T O1 weOOUI UYI EwUDUI woO usgheStingaOD Oz Uwi |
universal role for vinculin in mechanocoupling. To determine how vinculin -based

mechanocoupling is differenti ally regulated within cells, we inhibited a variety of kinase
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families known to phosphorylate vinculin . We found that inhibition of the family of
Protein Kinase C (PKC) proteins, as well as sitespecific disrupti on of the serine
phosphorylation sites modif ied by PKC, specifically reduced vinculin mechanocoupling.
Overall, we propose that long-range coordination throughout a migrating sheet is made
possible by vinculin -mediated mechanocoupling of cytoplasmic actin networks to create

a supracellular actin network independent of actin belts.

4.2 Methods
4.2.1 Generation of DNA constructs

Construction of pcDNA3.1 -VinTS, pcDNA3.1-VinTS-1997A, pcDNA3.1-VinTS-
A50I, pcDNA3.1-TSMod, and pcDNA3.1-VinCS has been described previously[23, 142,
152]. The mutants of VinTS deficient in Y822, S1033, and S104phosphorylation (Y822F,
S1033A, and S1045A, respectivelywere generated via PCR mutagenesis.For the Y822F
mutant, f{OU P E U E wx-UBGATUGTEGATTCAGGATTCTGGG -3z OwUIl YT UUIT wxUbO
k LCCAGAATCCTGAATCCAGAATCCAA -+ 7z OWEOE wUi Ox OE O-VindT8 - wxE# -
were used. %O U wWUT T w2yt t wOUUEOUOwI OUPEUEwWxUPOI Uwk 7
AACCTCATGCAGGCTGTGAAGGAAACT -+ z OwU1 YI UUIT wxUPOI Uwk z
CTGGGCGTTATGAACCAACATCT CAG- ziluemplate DNA pcDNA3.1 -VinTS were
used. %OV wUT T w2 hvyKk wOUUEOUOwWI OUPEUEwWxUDOI Uwk 7
GAAGCTGAAGCAGCAGCCATTAAGATAAGAAC -t z OwUl Y1 UUT wxUDOI Uwk 7

TCTCACAGTTTCCTTCACAGACTGC -t zuemplate DNA pcDNA3.1 -VinTS were
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used. Following PCR mutagenesis, constructs were verified by DNA sequencing
(GeneWiz) and then transferred to a new, empty pcDNA3.1 backbone. The VinTS
intermolecular FRET controls have been described previously [204]. The VinCS
intermolecular FRET controls were generated in accordance with the previously
described methods [204]. Specifically, dark mTFP1 and dark Venus A206K were created
by mutating Y71 or Y66, respectively, to leucine. To create plasmids appropriate for
lentivirus, pcDNAS.1 plasmids were digested with Nrul/Xbal and ligated into pRRL
vector that had been digested with EcoRV/Xbal. The proper composition of all newl y

generated constructs was verified by DNA sequencing (Genewiz).

4.2.2 Cell culture and expression of DNA constructs

MDCK cells (ATCC® CCL-+ KBWOEUEDOI Ewi UOOw# UOI waODPYI UUE
Cell Culture Facility ) and MDCK -lI cells (generous gift from Dr. Adam Kw iatkowski,
University of Pittsburgh) were maintained in a h umidified 5% CO2 atmosphere at 37°C
in DMEM -LG (D6046; Sigma Aldrich) supplemented with 10% fetal bovine serum
(HyClone), 1% antibiotic/antimycotic (Gibco), and 1 g/L sodium bicarbonate (Gibco).
HEK293-T cells, used for viral production, were maintained in DMEM -HG
(D5796; Sigma Aldrich) supplemented with 10% fetal bovine serum (HyClone) and 1%
antibiotic/antimycotic (Gibco). For viral transduction, the second generation viral
packaging plasmids psPax2 (Plasmid #12260) and pMD2.G (Plasmid #12259) were

purchased from Addgene. To generate viral particles containing the DNA for a desired
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construct, the corresponding pRRL-based construct, psPax2, and pMD2G plasmids were

transfected into HEK293-T cells using Lipofectamine 2000 (Invitrogen) according to the

w | Ul UwKwl OUUUOwWUT 1T wUOUEOUI

Qu

manufactuUl Uz Uwx UOUOEOO
complete growth media. After an additional 72 hours, media containing viral particles
was harvested and stored at-80°C.

One day prior to viral transduction, MDCK cells were plate d in 6-well dishes at a
density of approximately 100,000 cells per dish. Cells were transduced with 500 uL of
viral particle containing growth media supplemented with 2 ug/mL Polybrene (Sigma
Aldri ch) to enhance viral uptake. After three passages, transdued cells were sorted into
several groups via fluorescence activated cell sorting (FACS) based on the intensity of
the fluorescent signal of the construct. Then, the groups were screened using
epifluorescent imaging. The goal of screening wasto achieve similar expression levels
of sufficient brightness, across constructs As the MDCK cells used in this study have
endogenousvinculin expression, we attempted to optimize a balance between
maximizing the signal-to-noise ratio and minimiz ing potential over -expression artifacts.
We found that sensorexpression levelssimilar to those in other systems used in our lab

[204] provided good FRET signals and did not alter cell migration (Fig. 4.13.
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4.2.3 Migration assays

The majority of this work is based upon a droplet -based migration assay. Metrics
to characterize colledive cell migration behavior, however, w ere measured using a

barrier removal assay. The two techniques are descrbed below.

4.2.3.1 Droplet -based assays

To create cell adherent surfaces appropriate for imaging, two approaches were
used. For fixed samples, glass botom dishes (World Precision Instruments) were
incubated with 10 pg/ml fibronectin (Fisher Scientific) in PBS at room temperature for 1
hour. For live cell imaging, 30mm glass coverslips were treated with deep-UV (UVO -
Cleaner, Jelight), mounted in interch angeable coverglass dishes (Bioptechs, Butler, PA),
and incubated with 10 pg/ml fibronectin in PBS at room temperature for 1 hour. For
both live and fixed, dishes were rinsed once with PBS and allowed to dry prior to cell
seeding. Following a previously pu blished protocol to create collectively migrating cell
islands [47], approximately 5x103E 1T OOUwUUUx 1 OEl Ewb Owk eyptatedids UOP UT w
a droplet on the fibronectin -coated glass bottom cell culture dishes. Cells adhered for 30
minutes at 37°C and 5% CQ, and then the dish was filled with 2 mL growth medium.
Cells were incubated for 3 days at 37°C and 5% CQto enable formation of a

mechanically integrated and collectively migrating cellular layer.
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4.2.3.2 Proliferation assay in droplet -based assays

TheClick-DP3 aw/ OUUwW$E4w Ol REW%OUOUawt KAw( OET DOT w
used to assess levels of cell proliferationin droplet -based assays. At 64hrs post-seeding,
cells were treated with 10uM EdU for 8 hours before fixation. Detection of EJU was
peUi OUOI Ewxl UwUOT T wOEOQUI EEUUUI Uz UwxUOUOEDOOG
4.2.3.3 Barrier removal assay

To prepare the surface, 12well glass bottom plates (Cellvis) were incubated wit h
10 pg/mil fibronectin (Fisher Scientific) in PBS at room temperature for 1 hour. A 70uL
suspension of cells were seeded ata density of 500 celk/uL into chambers in a barrier
mold (iBidi) adhered to the 12-well glass bottom plate. Cells grew for 14.5 hours,
forming a confluent monolayer. Then, the barrier was lifted, at which point the cells
were able to migrate into free space. After barrier removal, c ells were washed
immediately with PBSonce and then provided media, with or without inhibitor

treatments.

4.2.3.4 Inhibitor studies in migration assays

For the droplet- and barrier removal -based assays, the inhibitors,concentrations,
and durations applied are provided in the Appendix. For the bar rier removal -based
assays, all inhibitors were applied when the barrier was removed and the dish was filled

with media .
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4.2.4 Western blot analysis

Cells were washed twice in PBS bufer, and lysed in ice-cold lysis buffer (10%
Glycerol, 2 mM EDTA, 250 mM NaCl, 50mM HEPES, 0.5% NR40, protease inhibitor
cocktail (Sigma)). Cell lysates were centrifuged for 10 minutes at 13000 RPM and 4°C.
Supernatants were separated and pellets of celldebris were discarded. Loading buffer
was added to the samples, which were then boiled at 100°C for 5 minutes. Samples were
then loaded into 7.5%Mini-/ 1. 3$ - o w3 &7 o w/ Bibr&lf siibjactéd tad U
electrophoresis, transferred to PVDF membranes, and expmsed to appropriate antibodies
to probe desired proteins. The blots were developed using West Pico Chemiluminescent
Substrate (Pierce), and the signal was detected on Xay film (Kodak). Quantification of
the blots was performed using ImageJ software. Anti-mouse horseradish peroxidase
(HRP) and anti-rabbit HRP (Jackson ImmunoResearch)were used at a dilution of 1:2500.

Primary antibodies and dilutions can be found in the Appendix.

4.2.5 Fixation and immunofluorescent staining

For fixation or immunofluorescent lab eling, cells were washed once with PBS
(containing Ca2*and Mg?#), fixed with 4% EM grade, methanol-free paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) for 10 minutes and then rinsed with PBS
before permeabilization. Cells were treated with 0.1% Triton-X for 5 min and then rinsed
with PBS. Fresh 2% bovine serum albumin (BSA, Sigma Aldrich) in PBS was used as

blocking buffer for 30 min. Primary antibody was applied for 60 min and then rinsed

116



three times with PBS. Cells were again blocked for 3 min. Secondary antibody was
applied for 60 min. Cells were then rinsed three times with PBS and imaged in PBS
Primary antibodies and the dilutions used for immunofluorescent labeling are provided
in the Appendix. Secondary antibodies, including Alexa Fluor 488,594, and 647 raised
against the appropriate primary species, were purchased from Thermo Fisher and used
at a dilution of 1:500. To label actin, cells were treated with Alexa Fluor 488-, 594, or 647
conjugated phalloidin (Invitrogen) at a 1100 dilution during the secondary antibody
step. To label nuclei, after fixation and permeabilization, cells were rinsed in PBS and
UUEDOI EwbPDUIT wE whediaii§ing w26 Hedylintor Qlibydrodhlarier (AR,
Life Technologies, D1306) in PBS for 5 minat room temperature then rinsed twice in

PBS.

4.2.6 Imaging and analysis of droplet-based assay

Cell islands were imaged at 48 and 72hrs in phase using a 10x objective (UPlan
FLN/NAOQ.3 10x Objective, Olympus) on an Olympus inverted fluorescent microscope
(Olymp us 1X83, Tokyo, Japan) The images were captured using a sCMOS ORCA
Flash4.0 V2 camera (Hamamatsu Photonics, Hamamatsu, Japan)After establishing
Kdohler illumination, a fixed grid of images was acquired using Metamorph acquisition
software (Olympus) . For each sample, images were stitched together using the ImageJ
Grid/Coll ection stitching plugin. Island size was then manually measured in ImageJ.

Briefly, background was subtracted using the Subtract Background tool. The rolling ball
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radius was set to 75 pix els, and the resultant image was converted to a binary mask

using the associated built-D Qwi UOEUDOOS ww3 OQwET U1 UOPOT wlUT 1 whbUOI

the change in area from 48 to 72hrs was normalized by the initial island size at 48 hrs.

4.2.7 Imaging and analysis of barrier removal assay

Movies of migration were capture d on a Zeiss Axio Observer Z1 microscope
outfitted with a Pecon XL S1 incubator, using phase contrast microscopy with the
following objective: 10x/0.30 Plan-NeoFluar Ph1l, (4403319902) WD: 5.2mm.
Environmental conditions during imaging were 5% C Oz and 37°C. Imaging was started
at 3-4 hours after lifting the barrier . Imaging was conducted for 4-6 hours. For each
migrating layer , a minimum of 4 stage positions located at the leading edge were
monitor ed. To eliminate any effects associated with opposing cell layers migrating in
close proximity (e.g. signaling by chemical factors), only the free edges (i.e. not wound
gap) were examined.

Velocity Field Reconstruction: MATLAB was used for all image analys is and
computation. From the timelapse images, velocity fiel ds were reconstructed using an
Optical Flow method [46]. Velocities were computed at points on a square grid 32 px
(~20.8um) apart, at all positions inside the layer. To validate the performance of velocity
field reconstruction, a collection of randomly -generated dots were overlaid on the
images and subjected to thecomputed velocity field, showing good agreement by visual

assessment.
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Quantification: To determine the speed of the leading edge, we define a
coordinate system where leading edge migration into free space is in the "Normal"
direction (y). The direction pe rpendicular to this is called the "Lateral" direct ion (x). The
normal speed of the leading edge is defined as the mean normal speed of all points in a
lateral band [0,100]um from the Leading Edge. Leading edge detection was performed
using custom softwar e. For eachfield of view , a time-averaged normal speed is
obtained. To measurecorrelation length, we examined spatial correlations in the lateral
velocity deviations . The correlation length is defined as the radial distance at which the
correlation coefficient decays below a threshold value of 0.01. For eachfield of view , a

time-averaged correlation length is obtained.

4.2.8 Epifluorescent imaging

An Olympus inverted fluorescent mi croscope (Olympus IX83, Tokyo, Japan) was
used to image samples. Images were aquired at 60x magnification (UPlanSApo
60X/NA1.35 Objective, Olympus) and illuminated by a LambdalLS equipped with a
300W ozonefree xenon bulb (Sutter Instrument, Novato, CA). T he images were
captured using a sCMOS ORCA-Flash4.0 V2 camera (Hamamatsu Photaics,
Hamamatsu, Japan). The FRET images were acquired using a custom filter set
comprised of an mTFP1 excitation filter (ET450/30x; Chroma Technology Corp, Bellows
Falls, VT), amTFP1 emission filter (FF02485/2025, Semrock, Rochester, NY), Venus

excitation filter (ET514/10x; Chroma Technology Corp), Venus emission filter (FFO1-
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571/72; Semrock) and dichroic mirror (T450/514rpc; Chroma Technology Corp). For
sensitized emission FRET microscopy, three images are acquired to calculate FRET
efficiency [209]. These include imaging the acceptor (Venus excitation, Venus emission),
FRET (mTFPL1 excitation,Venus emission), and donor (InNTFP1 excitation, mTFP1
emission). Exposure times for imaging of Venus, Teal-Venus FRET, and Teal were
1000ms, 1500ms, and 1500ms, respectively. To avoid photobleaching, only one image
was taken per cellular region. We note that live and fixed conditions yielded different G
and k estimates. For each exgrimental setup, the appropriate calibration factors were
used during the analysis, and equivalent measurements of FRET efficiency were
observed. For immunofluorescent imaging, we utilized the DA/FI/TR/Cy5 -4X4 M-C
Brightline Sedat filter set (Semrock) and the associated dichroic mirror
(FF410/504/582/669Di01). The motorized filter wheels (Lambda 10-3; Sutter Instrument),
automated stage (H117EIX3; Prior Scientific, Rockland, MA), and image acquisition
were controlled through MetaMorph Advanced software (Ol ympus). For live cell
imaging, growth media was replaced with live cell visualization media (Sapphire North
America, Ann Arbor, MI, MC102), supplemented with 10% FBS and 1 g/L sodium
bicarbonate, 30 minutes before imaging. A constant temperature was maintained across
the sample using an objective heater (Bioptechs, Butler, PA 150814.3) in conjunction

with a stage and lid heater (Bioptechs Stable Z System 4031926). A humidified CO >
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perfusion system (Bioptechs 130708) was used to maintain a stable pH. Allcomponents

were brought to equilibrium prior to imaging.

4.2.9 Correction of imaging artifacts and determination of spectral
bleedthroughs

Imaging artifacts were identified and corrected as previously described [139]. To
measure dark current, approximately 40 images were acquired and averaged in each
channel with all shutters closed. To correct for uneven illumination, approximately 10
images were taken for each channel on regions of a dish lacking cells or on a separate
cell-free dish. Cell-free dishes were treated the same as the experimental dish and
imaged in the same focal plane. Shade images were determined by normalizing by the
maximum intensity of each image and averaging across the stack of normalized images.
The background intensity of an experiment was determined by averaging pixel intensity
of cell-free images, following corrections for dark current and uneven illumination. To
correct for three-dimensional offsets caused by chromatic aberrations and minute
hardware misalignments, 500 nm diameter microspheres (Fluoresbrite YG and
TetraSpeck) diluted in ethanol were incubated on glass-bottom dishes for 30min to
permit evaporation. After adsorption, dishes were washed three times in PBS and
imaged in PBS. After leveling the dish in the stage holder, Z-stacks of 21 images (100nm
step size) were acquired. For Fluoresbrite YG beads, donor and FRET channels were

imaged. For TetraSpeck beads, acceptor, FRET, DAPI, FITC, TRITC, and Cy5 channels
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were imaged. Approximately 10 stacks were acquired for each bead type. Custom
MATLAB (Mathworks) software was used to perform 3D registration of channels.

To measure spectral bleedthroughs, cells were transfected with either soluble
mTFP1 or Venus and imaged in acceptor, FRET, and door. Prior to estimating
bleedthroughs, all images were corrected for anomalies due to dark current, uneven
illumination, background intensity, and chromatic aberrations as described above and
elsewhere [139]. Donor bleedthrough (dbt) is the amount of donor emission captured in
the FRET channel, and coss-talk is the amount of donor excited and captured by
imaging the acceptor channd. Acceptor bleedthrough (abt) is the amount of acceptor
directly excited during FRET imaging, and cross -talk is the amount of acceptor excited
and captured by imaging the donor channel. For our system, bleedthroughs do not
depend on intensity and cross-talk between the channels is negligible. To determine abt,
pixels of similar acceptor intensity were binned for each construct, and the
corresponding FRET intensity pixels for each bin was averaged. A linear curve was then
fit to the relationship between mean FRET intensity and acceptor intensity. The slope of

this fit provided an estimate of abt. The same procedure was used to calculate dbt.

4.2.10 Calculation of FRET efficiency from sensitized emission

FRET was detected through measurement of sensitized emission[218] and
calculated using custom written code in MATLAB [283]. All analyses were conducted on

a pixel-by-pixel basis. Prior to analysis, all images were corrected for dark current,
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uneven illumination, background intensity, and chromatic aberration as described in the
previous section. To correct for spectral bleedthrough in experimental data, pixel-by-
pixel FRET corrections were performed according to the equation:

F, =1lp—dbt+lzy —abt I, (1)

where Fcis the corrected FRET image |t is the intensity in the FRET-channel, ladis
the intensity in th e donor-channel, and laais the intensity in the acceptor-channel.

Through imaging donor -acceptor fusion constructs of differing, but constant,
FRET efficiencies, it is possible to calculate two proportionality constants that enable the
calculation of FRET efficiencies for any single-chain biosensor[218]. The G factor is

calculated as:

A(E
f-"-(m)

where . indicates the change between two donor-acceptor fusion proteins.

The k factor is calculated as

E
B f:m"‘f:

k= (3)

'irﬂﬁ

Using published methods [204], the calibration factors were experimentally

determined for mTFP1 and Venus (A206K) With these two proportionality constants, it
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is possible to calculate both FRET efficiency (E) and the relative concentration of donor

and acceptor fluorescent proteins [D]/[A] in a sample:

E
E=—C
[ L
E dd " G (s)
[A] Lok -

4.2.11 FRET analysis

The calculations required for determination and analysis of FRET efficiency were
determined using custom written code in MATLAB (Mathworks) [283, 284]

FRET images were first corrected br uneven illumination, registered, and
background-subtracted. Then, intensity due to spectral bleed-through was removed
pixel-by-pixel from the FRET images to obtain corrected FRET images. FRET efficiency
was calculated on a pixel-by-pixel basis based on a previously published method [285].

Segmentation routines were used to quantitate FRET efficiencies within specific
sub-cellular structures. All operations were conducted on the acceptor channel, which is
proportional to the concentration of VinTS and VinCS. Segmentation of FAs was done as
previously reported using a water -based algorithm [284]. Briefly, for AJ segmentaion,
image edge detectionon the acceptor imagewas conducted using a dispersive phase
stretch transform [286]. The resultant edge detection was then high-pass filtered and a

user-defined intensity threshold was used to eliminate background signal and isolate the
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AJs. For both FA and AJ images, binary masks were applied to FRET efficiency images.
At either focal plane, masks were inverted to examine cytosolic signal. For the AJ focal
plane only, nuclear regions were removed from the cytosolic mask. To accomplish this,
images were locally normalized and then morphologically processed.

After segmentation, closed boundaries were drawn by the user based on the
unmasked acceptor channel image. Information outside cell boundaries was discarded.
For each image, mean acceptointensity , FRET efficiency, and donor-per-acceptor ratio
was characterized. In comparing samples, common statistical techniques were used to

compare each population of data points.

4.2.12 FLIP imaging and analysis

Fluorescence loss in photobleaching (FLIP) expeiments were used to measure
vinculin diffusion outside adhesions. To conduct FLIP, imaging was done on an
inverted fluorescent microscope (Olympus IX83) at 60x magnification (UPlanSApo
60X/NAL1.35 Objective, Olympus) and illuminated by a LambdalL$S equipped w ith a
300W ozone-free xenon bulb (Sutter Instrument), as previously described. To bleach
Venus (A206K), we used a 515nm laser housed in a FRAPPA unit (Andor Technology,
Belfast, Northern Ireland) and controlled by MetaMorph software (Olympus). Pre -and
post-bleach images were acquired using an appropriate Venus excitation filter

(ET514/10x; Chroma Technology Corp)and emission filter (FF01-571/72; Semrock)
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Prior to each FLIP experiment, laser calibration was carefully conducted to
ensure proper orientation of the laser. When conducting laser calibrations or FRAP
experiments, the dwell time and number of pulses are tunable parameters of the FRAP
laser. The dwell time, measured in micro-seconds, describes the duration the laser
resides on a single foci. The umber of pulses describes how many times the laser scans
the specific region-of-interest (ROI). Per manufacturer guidelines, the dwell time and
number of pulses were set to 10,000us and 100, respectively, for calibration. An ethidium
bromide coated coverslip was used to conduct laser calibration. Once properly in focus,
an automated process was initiated which sequentially images and bleaches a 3x3 grid.
A calibration succeeds when the automated algorithm properly identifies the bleach
pattern. In the caseof substantiaO WOE Ul UwOPUEODPT 001 OUOwUT 1T wOEUI Uz
manually adjusted. The FRAPPA galvo system is controlled in MetaMorph under the
221 0Ux2 wWUEEwWDPOwWUT 1 w? %10 /A0 +aaBtdl pas@qiiradtdd OU O P O
realign the laser with th e field-of-view. Following realignment, laser calibration was
repeated as described.
FLIP involves repeated photobleaching and measurement of fluorescence loss in
unbleached regions. To conduct FLIP in migrating MDCK cells, we determined a dwell
time and number of pulsesof 1000us and 1, respectively were suitable. We also
restricted the size of the region-of-interest (ROI) to be as small as possible, which

corresponds to a diffusion -limited bleach spot of roughly 1pum diameter. The ROI refers
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to the region over which the FRAP laser scans. These parameters were deterimed
through trial -and-error optimization on fixed samples. Another FLIP consideration is the
experimental duration and resolution of temporal bleach recovery. For our system, 10s
intervals for 5min appear ed adequate for complete photobleaching. Four pre-bleach
images were taken prior to starting repeated photobleaching. To minimize
photobleaching effects induced by temporal signal monitoring, image exposure and the
neutral density filter were reduced to 50 Oms and 50%, respectively. The bleached region
was chosen by visually dividing a cell in half, and selecting a ROI, centrally located, in
one half of the cell. To avoid potential artifacts from varying cell size, photobleaching
was conducted on cells of approximately the same size.

To analyze fluorescenceloss, manual segmentation was performed on every time
lapse using the ROl Manager in ImageJ. Briefly, a polygon was drawn around the
unbleached half of a cell, nucleus excluded. Following photobleaching, t he polygon
location was manually updated, as neededd w4 UPOT wOT 1 wl. (w, EOET T Uz Uwb
function, masks were generated for each frame and visually assessed. Cells with
substantial translocation were excluded from analysis. Average intensity of fluorescence
for each mask per frame was then exported. To acount for photobleaching effects that
arise from continually monitoring recovery, acontrol, or unbleached cell, was also

monitored in each field -of-view. Lastly, a background region was segmented.
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To determine the fluorescence loss in each cell, severasteps were conducted in
MATLAB. First, background intensity was subtracted from the cell -of-interest and
control cell. Then, post-bleach values were normalized by the average pre-bleach values
(frames 1-4). Lastly, the fluorescence loss curve was normalized by the control cellz U
intensity curve. As vinculin is a cytosolic protein, the following exponential decay curve
was fit:

f =ae™b*

The symbols aand b are fit parameters, whereast indicates time. The half-time of
decay is calculated as In(1/2)/¢b). The masks from frame 1 were applied to FRET images

to link FRET and FRAP parameters.

4.2.13 Quantitative characterization of actin and U-catenin in
migrating cells

To compare actin-based characteristics of cells, lamellipodia and actin belts
were immuno-OE E1 Ol Eaaten @rid ad6nformationally -sensitive Y-catenin
antibody (generous gift of Dr. Akira Nagafuchi , Nara Medical University ) specific to
? Ox | CGateni. All i mages were registeredto correct for chromatic aberrations. Then,
masks were generated via high-x E U U wi B O U I-datend icharihél usidg custoivi
MATLAB software. Masks were applied to both channels, and the ratio of the

conformationally -sensitive antibody to the conformation -insensitive antibody was
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calculated on a pixel-by-pixel basis. Average values were computed for each masked
image.
4.2.14 Confocal imaging and FRET analysis

For confocal imaging, samples were imaged with an Andor XD Revolution
Spinning Disk Confocal, which consists of an Olympus 1X81 inverted microscope
equipped with a Yokogawa CsuX -1 spinning disk (5000rpm) controlled with
Metamorph Software. This microscope is maintained by the Duke Light Microscope
Core Facility. Images were acquired at 100x magnification (UPlanSApo 100X/NA1.4
Objective, Olympus) using an Andor EMCCD Camera (Ixon3 897 512 EMCCD). The
FRET images were acqured using a filter set comprised of a mTFP1 emission filter
(483/32), Venus emissiorfilter (542/27) and dichroic mirror (CYR; 445/515/561). For
FRET microscopy, three images were acquired. These images included the acceptor
(515nm 50mW diode excitation, Venus emission), FRET (445nm 40mW diode excitation,
Venus emission), and donor (445nm40mW diode excitation, mTFP1 emission). Images
were acquired without gain and a 75% laser power. Exposure times for Venus, FRET,
and Teal were 1000ms, 1500ms, and 1500msespectively. Images were postprocessed
to correct for dark current and aligned usi ng a custom MATLAB script. Ratiometric
FRET images were determined by dividing the FRET image by its respective mTFP1
image. Segmentation of cells and adhesions was conduted on the acceptor channel

using a custom MATLAB script and user -defined masking.
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4.2.15 Stimulated emission depletion microscopy (STED)
imaging

Cells were fixed, permeabilized and blocked as describedpreviously . For STED
imaging, cells were labeled with Alexa Fluor 488 phalloidin (Invitrogen) at a
concentration of 1:25. Following immunofluores cent staining, PBS was removed from

Ul 1l wWUEOxOI OWEOEW/ UO+ 001 caw# DPEOOOEW OUDPI EET w, OUOB

Samples were imaged using a Leica STED Confocal, which consist®f an inverted Leica

DMi8 Platform with motorized scanning stage and controlled by LAS X. Images were

acquired at 93x (HC PL APO 93X/1.30 GLYC motCORR, Leici Alexa Fluor 488 was

excited with a tunable white light laser and simultaneously depleted with a 660nm laser.

Sample emission was collected using a high-sensitivity , gated GaAsP HyD detector.

"all 1 OUWETI EOOYOOUUDOOOWODOOT EwUOw+1 PEEzZUw+ 2 w7
deconvolve image stacks.

4.2.16 Statistics

Statistical analyses were performed using JMP Po 13 (SAS, Cary, NC).
Comparisons of data with equal variances, as determined with Levenl z UwUl UUOwkI Ul w
EOEOCaal EwbPUIl wEOwW -.5 wWEOEOwWPi wdOI EIl UUEUaOw3UOI
variances were analyzed with the non-x EUE Ol UUDE w61 OE| petessary,. 5 wWEOEC

the SteetDwass multiple comparisons test. A p value of p < 0.05 was consideed
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statistically significant. In figures, a single asterisk (*), double asterisk (**), and triple

asterisk (***) indicate p-values less than 0.05, 0.01, and 0.001, resgptively.

4.3 Results
4.3.1 MDCK cell sheets exhibit characteristic migration differences

Madin -Darby Canine Kidney (MDCK) cells are a commonly used epithelial cell
line for studying the mechanics of CCM in wound healing assays [47-49, 274278]. Since
the original isolation from an adult female cocker spaniel [287], a variety of MDCK
subtypes have been selected, described, or made commercially availablg281]. A
common characteristic of MDCK sheet migration is Rac-mediated lamellipodia
formation in leader cells [112, 288 and the emergence of actin beltbased fingering
dynamics [274]. To study sheet migration, we examined two commonly studied cell
lines, MDCK Il and the parental MDCK line [281]. The parental MDCK cell line, also
referred to as NBL-2, is available commercially from American Type Culture Collection
(ATCC). This cell line has heteogenous features (i.e. not a clonal cell line)[289], from
which many subtypes have been isolated from. The MDCK Il cell line stems from a high
passage of the NBL:2 line, simply referred to as MDCK from here on, and is
characterized by a lower transepithelial resistance associated with claudin-2 expression.
To confirm the identity of the cell lines , the difference in claudin-2 expression was

confirmed via Western blot (Fig. 4.2A). We also probed the expression levels of other
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key adhesion proteins but did not observe appreciable differences between the cell types

(Fig. 42B).
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Figure 4.2 Protein expression in MDCK subtypes . A) Western blot verification
of MDCK subtypes by Claudin -2 expression. B) Westernblot characterization of MDCK
I and MDCK cells based on expression of various adhesion-related proteins.

To determine whether macroscopic mechanocoupling varied between these cell
types, we compared the migratory phenotypes of MDCK Il and MDCK cells in b oth
droplet -based(Fig 4.3A,B) and barrier removal -based assayqFig. 4.3D,E). In both
assays, MDCK Il cells migrated approximately half as fast as MDCK cells (Fig. 43C,F).
To examine whether mechanocoupling was varied, we analyzed their velocity fields in
the barrier-removal based assay Velocity correlation is a metric based on the velocity
field of a migrating sheet and used to infer the distance of physical coupling in a
migrating layer [290]. Qualitatively, we observed that MD CK Il migration was more

spatially restricted to the leading edge. Furthermore, correlations in the MDCK velocity
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field propagated deep into the migrating sheet. In the barrier removal -based assay, we
found that, quantitatively, velocity correlation of MDC K Il cells was indeed significantly

lower than MDCK cells (Fig. 4.3G).
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Figure 4.3 Migration of MDCK cells. A) Schematic of droplet-based (island
expansion) assay. On day 1, cells form an adherent monolayer and proceed to migrate
into the surrounded free space. B) Sample 10x phaseontrast images of MDCK Il and

MDCK cells at 48 and 72 hours postseeding. Scale bars indicate 1mm. Images were
stitched using ImageJ. C) Quantification of island expansion between 48 and 72 hours
post-sealing. Quantification numbers: MDCK II (N = 16); MDCK ( N = 15). Statistical
comparisons found in Appendix. D)Schematic of barrier removal-based migration assay.
E) Sample 10x phase contrast images of MDCK Il and MDCK cells. In green, the
reconstructed velocity field, determined through optical flow analysis, i s overlayed.
White scale bar indicates 100um. Green scale bar indicates 20um/hrF) Quantification of
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migration speed based on averages from all cells within 100pum of the leading edge. G)

Quantification of the correlation length based on averages from all cells within 200pum

from the leading edge. N = 3 (MDCK II) and 4 (MDCK) independent experiments. P -
values from T-tests shown above plots.

As the droplet -based assay occurred over 24 hours, cell prolieration was
occurring. To rule out proliferation as a con founding factor, cells were treated with the
proliferation inhibitor Actinomycin D. Reduction in proliferation following Actinomycin
D treatment was validated using an EdU assay, and our results indi cated that droplet-

based migration was not proliferation -limited in either cell type (Fig. 4.4).
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Figure 4.4 Proliferation does not drive migration.  (Left) Island expansion
between 48 and 72 hours postseeding in MDCK Il and MDCK cells in the absence or
presenceof Actinomycin D. Quantification numbers MDCKII, None (N = 16); MDCK I,
ActinD (N = 3); MDCK, None (N = 15); MDCK, ActinD (N = 3). (Right) Q uantification of
cell proliferation using an EdU -based labeling kit. Quantification numbers: MDCK I,
None (n = 20images, N = 2); MDCK I, ActinD (n =21, N = 2); MDCK, None (h =20, N =
2); MDCK, ActinD (n = 24, N = 2). Letters indicate statistically significant groups.

4.3.2 Cadherin enrichment and U-catenin conformation do not
explain differences in macroscopic mechanocoupling

A critical aspect of mechanocoupling in sheet migration is the integration of cells
through AJs. Therefore, we wondered if reduced AJ formation could explain the
reduced velocity correlation in MDCK 1l cells. To check for reduced cell-cell adhesion,
we examined E-cadherin staining (Fig. 45), which is the predominant transmembrane

134



receptor in epithelial cells. Surprisingly, MDCK Il cells showed greater enrichment of E -
cadherin at cell-cell interfaces, whereas MDCK cells showed weaker staining. MDCK
cells also had intracellular staining of E -cadherin, a possible indicator of cadherin

recycling and AJ dynamics [291].
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30pm

Figure 4.5 E-cadherin staining in migrating MDC K cells.
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cell-cell interfaces, greater amounts of open Y-catenin occurred at cell-cell interfaces in
MDCK Il cells. This result suggests that Y-catenin is not a primary mediator of molecular

mechanical coupling in these systems.
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Figure 4.6 Alpha -catenin mechanocoupling in MDCK cells . (Top) Sample
images of MDCK Il and MDCK cells stained for Y-catenin (conformation -insensitive)
E OE w? Oscatddim. THé corresponding masked ratiometric images are also shown.
(Bottom) Quantification of EY 1 UEE B WiYO D O O w Y hdiiténin EaGofbas¥dotl v Y
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MDCK Il (n =29 images, N = 2 independent experiments)MDCK (n = 27, N = 2).P-
values from T-test shown above plots.
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4.3.3 Differences in migration associated with different actomyosin
structures and FA organization

Next, we sought to determine whether differences in these migratory phenotypes
corresponded to diffe rencesin actin organization and FAs. First, we examined actin
structures using a phalloidin -based stain (Fig. 47A). In MDCK 1l cells, we frequently
observed fingering protrusions, marked by enriched cortical actin between cells and
well -defined actin belts along the leading edge. In MDCK cells, fingering protrusions
and actin belts were not observed (Fig. 4.7A,B), but these cells did exhibit enriched
cortical actin. Notably , MDCK cells had a greater occurrence of lamellipodia along the
leading edge (Fig. 4.7B) and more prominent basal stress fibers.

To examine differences in adhesionstructures, cells were also immunolabeled for
vinculin, which localizes to both FAs and AJs. In both cell types, vinculin was observed
at both cell-substrate and cell-cell interfaces, indicative of FAs and AJs, respectively(Fig.
4.7A). We observed that FA morphology, as indicated by vinculin, varie d considerably
between the cell types. In MDCK Il cells, large FAs appeared along the leading edge and
parallel to pluricellular a ctin belts, suggesting that the pluricellular actin belts were
strongly coupled to the ECM. Aside from cells at the leading edge, FAs in cells within
the layer were small and punctate. In MDCK cells, FA organization was more random
and homogeneous, and FAswere associated with actin stress fibers Across multiple

experiments, these FA morphological differences were quantified (Fig 4.7C).
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Figure 4.7 Actin and adhesion differences of MDCK cells in the droplet -based
expansion assay.A) MDCK Il and MDCK cells labeled for actin and vinculin. Images
were taken at both the basal and apical planes which are associated with focaladhesions
and adherens junctions, respectively. In MDCK 1l cells, arrows indicate pluri cellular
actin belts. In MDCK cells, arrows indicate lamellipodia. B) Quantification of the average
number of lamellipodia or pluricellular actin belts (> 75um) per ima ge. P-values from T-
tests shown above plots. C) Quantification of focal adhesion (FA) size and orientation as
a function of distance from leading edge. For FA orientation, 0° indicates the FA is
parallel to the migration direction, and 90° indicates the FA is perpendicular.
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Quantification numbers: MDCK Il (n = 47 images, N = 3 independent experiments);
MDCK (n =50, N = 3).

As the determination of velocity correlation lengths was conducted in the barrier
removal-based assay, we confirmed that similar actin and adhesion characteristics were
present in this assay (Fig. 48). Interestingly, these results suggest that long-range
mechanical coupling is not restricted to actin belt formation, but instead longer

coordination can be achieved by other structures.

MDCK I

Figure 4.8 Actin, focal adhesion, and adh erens junction morphology in barrier
removal -based assay.

As migration is driven by actomyosin contractility, we sought to evaluate the
activity of myosin motor protein s in this system. To achieve this, we stainedmigrating
cells with a phosphorylation -specific (pSer19) myosin antibody (Fig. 4.9).
Phosphorylation of this site is associated with myosin motor activity. In MDCK I cells,
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pMyosin staining was enriched along pluricellular actin belts . Enrichment was not
visible in other structures. In MDCK cells , pMyosin staining was enriched along basal
stress fibers and some regions of celicell contacts. These findings indicate that
mechanocoupling of myosin-generated contractility in MDCK cells may contribute to

our observations of increased velocity correlations.

MDCKII MDCK

pMyo!

Basal

Apical

Figure 4.9 Sample images of actin and phospho -myosin (Serl9) staining in
MDCK cells. In MDCK Il cells, arrows indicate enrichment of pMyosin staining along
pluricellular actin belt s. In MDCK cells, arrows indicate enrichment at cell -cell junctions.

4.3.4 Differences in macroscopic mechanocoupling correspond to
vinculin activity at adherens junctions

Vinculin, which we have shown localizes to AJs in this system, is known to be
play a role in AJ reinfor cement [167]6 w! Gdatenim¥and vinculin have been shown to

engage in catch bonds with F-actin [179, 282] However, the lifetime of vinculin -actin

interactions has been showntobeE OWOUET Uwdi wOET O bdaterniactih Ul E
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interactions. Therefore, we hypothesized that vinculin was the key factor in dictating
molecular mechanocoupling in these cells. As active vinculin is associated with an open
conformation, we sought to determine which conformations vinculin assumed i n this
system. To do this, we expressed a previously described FRETFbased vinculin
conformation sensor (VinCS) [165] in both MDCK cells . To confirm that VinCS
expression did not significantly alter cell migration, we examined migration in the
droplet -based assayqFig. 4.10A). We concluded that over expression of vinculin due to
this sensor did not affect migration and localized to FAs and AJs as expected in the
droplet -based assay (Fig. 4.0A & Fig. 4.11). Furthermore, quantification of VinTS FA
morphology confirmed that FAs were enlarged and oriented along actin belts in MDCK

Il cells and more randomly organized in MDCK cells (Fig. 4.10B-C).
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Figure 4.10VinCS expression does not alter cell migration or focal adhesion
morphology. A) Quantification of island expansion between 48 and 72 hours post-
seeding in MDCK Il and MDCK cells exp ressing VinCS. B) FA size and C) FA
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orientation determined from VinCS acceptor signal as a function of distance from the
leading edge. Quantification: MDCK Il (n = 22 images, N = 2 independent experiment);
MDCK (n =71, N =5).

FRET efficiency of VinCS wassmallest at FAs (Fig. 411). For this sensor, a
decreases in FRET is associated with vinculin opening suggesting vinculin is open at
FAs in both cell types. For MDCK I cells, the average FRET efficiency of VIinCS at FAs
was 34.0%. In MDCK cells, it was 3L.8%. h the cytoplasm, VinCS exhibited a uniform
FRET efficiency of ~37.5%, likely indicative of closed vinculin. Interestingly, VinCS
measurements suggested vinculin is slightly open in AJs of MDCK cells (35.9% FRET
efficiency) but not MDCK Il cells (37. 2% FRETefficiency). Therefore, these results
indicate that vinculin activity O wE U w O x x-étgrinictivih, is Yorrelated with
macroscopic mechanocoupling in this system. This finding was unexpected but could be
explained by several possibilities. Given vincU O bsiigngeufF-actin binding , it is possible
that fewer Y-catenin-vinculin linkages are required for mechanocoupling the AJ to actin
than Y-catenin linkages alone. This explanation would require a high-affinity interaction
ET UpI I OwY b Qdaterinpndiahthésbeely demonstrated in the literature [91].
Another explanation could depend on the stoichiometry of Y-catenin and vinculin.

#1 Ux DUIT woO lcalddiny méddadulin undy be engaged in MDCK AJs than in
MDCK I cells. Finally, it could be that vinculin -mediated mechanocoupling engages¢-

cateninED UIT E U Oa O wE datebirx intedadtions {1620 w Y
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Figure 4.11 Vinculin conformation in migrating MDCK cells . Sample images of
a vinculin conformation sensor (VinCS) at FAs and AJs of both MDCK cell types.
Compiled, analyzed data is shown as a box-and-whiskers plot. Quantification numbers:
MDCK II, FA (n = 83 images, N = 5); MDCK I, Basal Cyto (n = 83, N = 5); MDCK II, AJ (n
=69, N =5); MDCK I, Apical Cyto (n = 70, N = 5); MDCK, FA (n = 168, N = 8); MDCK,
Basal Cyto (n = 168, N = 8); MDCK, AJn =81, N = 8); MDCK, Apical Cyto (n = 83, N = 8).
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4.3.5 Vinculin mediates molecular mechanocoupling in MDCK cells

As conformation is not a direct measure of mechanocoupling, we implemented a
Forster resonance energy transfer (FRETased vinculin tension sensor (VinTS) that
enables the measurement of molecular loading of vinculin. In this context, vinculin
loading was a read-out for vinculin -mediated mechanocoupling. The sensor consisted of
the fluorophores mTFP1 and Venus (A206K) coupled with the linker 8x(GP GGA). To
determine if this sensor would be compatible with both MDCK cell types, we transiently
expressed a cytosolic tension sensor module (TSMod) that is unable to bear loadFig.
4.12A). As expected, TSMod exhibited a single characteristic FRET efficiemy of
approximately 29.2% in both cell types (Fig. 4.12B), which aligns w ith the utilization of
this particular TSMod in other systems [204], as described in Chapter 3. TSMod was also
unaffected by paraformaldehyde fixation, suggesting that VinTS could potentially be

compatible with fixation as well.
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Figure 4.12 Validation of TSMod in MDCK cells.  (A) A tension sensor module
(TSMod) consisting of mTFP1, Venus (A206K), and the flexible linker (GPGGA)x8 was
transiently expressed in MDCK cells. (B) Quantificati on of TSMod FRET efficiencyin
MDCK Il (n = 118 cells, N = 2 for live, n= 102 cells, N = 2 for fixed) and MDCK (n = 122
cells, N = 2 for live, n = 120 cells, N = 2 for fixed) cells shows similar average of 29.2%,
which is close to the expected value.Next, we stably expressed VinTSin both MDCK

cell types to enable measurements of vinculin load as an indicator of molecular-scale
mechanocoupling. To confirm that VinTS did not significantly alter cell migration, we
examined migration in the droplet -based assys. Neither MDCK Il nor MDCK cells
exhibited significant alterations in migration (Fig. 4.13A). Furthermore, examination of

VinTS acceptor intensity (directly proportional to concentration) demonstrated that
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VinTS localized to FAs and AJs (Fig. 4.8) similar to endogenous staining. Quantification
of VinTS FA morphology confirmed that FAs were enlarged and orientated along actin

belts in MDCK Il cells and more randomly organized in MDCK cells (Fig. 4.1 3B-C).
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Figure 4.13VinTS expression does not alter cell migration or focal adhesion
morphology. A) Quantification of island expansion between 48 and 72 hours post-
seeding in MDCK Il and MDCK cells expressing VinTS. Statistical analysis found in
Appendix. B) FA size and C) FA orientation determined from VIinTS acceptor signal as a
function of distance from the leading edge. Quantification: MDCK Il (n = 43 images, N =
3 independent experiment); MDCK (n = 67, N = 5).

Next, we quantified the FRET efficiency of VinTS at FAs, AJs, and within the
cytosol to determine whether vinculin was a pertinent mechanocoupler in this system
(Fig. 4.14). In both cell types, VIinTS at FAs was under similar loads, as shown by
equivalent FRET efficiencies of ~24% (Fj 4.14). This correspnds to an average load of
roughly 1.71pN on VIinTS. At AJs, however, VinTS was under greater loads in MDCK
cells (~24.5% FRET efficiency, 1.58pN) as opposed to MDCK Il cells (~26.6% FRET

efficiency, 1.07pN). This observation was consistent with our finding sfrom the vinculin
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conformation sensor, namely that vinculin plays a greater role in mechanocoupling in

MDCK cells.
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Figure 4.14 Vinculin tension in migrating MDCK cells. ~ Sample imagesof
migrating, VinTS -expressing MDCK Il and MDCK cells. Acceptor images correspond to
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sensor concentration. FRET efficiency images have been masked and pseudaolored.
Unloaded FRET (29.2%) is shown in red with lower FRET (higher loads) shown in green
and blue. Quantification of FRET efficiency demonstrates that VinTS loading is similar at
FAs, but VIinTS loading is greater at AJs and in apical cytosol in MDCK cells.
Quantification numbers and post -hoc comparisons located in Appendix.

As VInCS results indicated vinculin was clo sed in the cytoplasm, we assumed
vinculin would be unloaded as well. Interestingly in migrating MDCK cells, this was not
the case. FRET efficiency measurements of vinculin outside adhesions indicated that it
was loaded (Fig 4.14). VinTS loading outside FAs and AJs was significantly greater in
MDCK cells (Basal 25.5%, 1.04pN; Apical 24.5%, 1.30pN) than MDCK Il cells (Basal
27.1%, 0.57pN; Apical 26.7%, 0.71pN) (Fig 44). To confirm cytosolic loading of VinTS
was not an artifact of epifluo rescence microscopy,we imaged VinTS-expressing MDCK
cells on a confocal microscope (Fig. 4.5). We compared the FRET ratio of VinTS to that
of VinTS-1997A-1 B x Ul UUDOT w, #" * wEl OOUB w311 wYPOEUOBOW( NN
ability to bind actin [143, 245]and is expected to bear lower loads. Thus, it served asa
control construct. Lower values of FRET index suggesed that VinTS was loaded more
than VinTS-1997A. Additionally, VinTS loads were similar at AJs and in the cyto plasm,

in line with our measurements conducted on a widefield microscope.
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Figure 4.15 Verification of vinculin loading outside adhesions using confocal
microscopy. MDCK cells expressing either VIinTS or the actin-binding mutant VinTS -
1997A were imaged using a confocal microscope. Quantification of the FRET ratio

demonstrates that vinculin loading occurs both within and outside AJs. Quantification

numbers: MDCK VinTS AJ (n = 207 junctions, N = 3 experiments); MDCK VinTSCyto (n

=160 cells, N = 3); MDCK VinTSI997A AJ (n = 63 AJs, N = 3); MDCK VIinTSI997A Cyto
(n =44 cells, N= 3). Post hoc comparisons found in the Appendix.

As sample fixation eases constraints with sample preparation and imaging, we
evaluated whether fixation had an effect on molecular-scale mechanocoupling. To do
this, imaging of VinTS was also conducted after paraformaldehyde fixation (Fig. 4.1 6).
Average FRET efficiency was equivalent at all structures between live and fixed

conditions, indicating co mpatibility with this technique.
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Figure 4.16 Effects of par aformaldehyde fixation on VinTS in MDCK cells.

Live quantification numbers: MDCK I, FA (n = 95 images, N = 7 experiments); MDCK I,
Basal Cyto (n=97 images, N =7); MDCK I, AJ (n = 65 images, N = 7); MDCK I, Apical
Cyto (n = 65 images, N = 7); MDCK, A (n = 103, N = 5); MDCK, Basal Cyto (n =103, N =

5); MDCK, AJ (n =72, N = 5); MDCK, Apical Cyto (n = 73, N = 5)Fixed quantification
numbers: MDCK Il, FA (n = 128 images, N = 10 experiments); MDCK I, Basal Cyto (n =
128 images, N = 10); MDCK I, AJ (n= 108 images, N = 9); MDCK II, Apical Cyto (n = 108
images, N = 9); MDCK, FA (n = 213, N = 10); MDCK, Basal Cyto (n = 213, N = 10); MDCK,
AJ (n =222, N = 10); MDCK, Apical Cyto (n = 222, N = 10). Post hoc comparisons found

in Appendix.

In summary, measurements of VinTS correlated with macroscopic measurements
of mechanocoupling in MDCK Il and MDCK cells. Furthermore, VinTS measurements
suggested that vinculin load and conformation were correlated in both FAs and AJs.
Surprisingly, however, we found vinculin loading in the cytoplasm , where vinculin was
presumably closed. Recent work has demonstrated that vinculin could be loaded in its
closed conformation [152], which would explain our observations . Howev er, vinculin
mechanocoupling outside FAs and AJs was novel. Thus, additional investigations were
conducted UOWET UUIl UwUOGEI UUUEQEwWYPOEUOPOZUWEEUDYDUDI
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4.3.6 Vinculin plays a novel role in mechanocoupling actin networks

To better understand vincu lin loading outside adhesions, we askedwhether an
organized actin structure existed throughout the ¢ ytoplasm with which vinculin could
interact. We reasonel that for F-actin to mediate vinculin loading in the cytoplasm, a
discernable cytoplasmic actin network should be apparent in these cells. Notably, a
cytoplasmic actin network has previously been observed in single cells and is thought to
play a key role in maintaining mechanocoupling of single cells in the absence of focal
adhesions[265-267]. Using stimulated emission depletion (STED)super-resolution
imaging, we observed significant enrichment of cortical actin in both cell types as
expected from widefield imaging (Fig. 4.17). Additionally, we observed that a diffuse
actin network exists in the cytoplasm, between cortical actin and the nucleus, in both cell
types. Therefore, we speculated thatour observations of vinculin loading were

indicative of vinculin coupling of these actin networks.
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MDCK

Figure 4.17 Stimulated emission depletion (STED) super-resolution imaging of
actin in migrating MDCK cells . White arrows indicate regions exhibiting a diffuse,
cytoplasmic actin network.

To directly pro be for interactions between vinculin and intracellular actin
network s, we analyzed the diffusion of vinculin with fluorescence loss in
photobleaching (FLIP). In FLIP, the mobility of a fluorescently labeled protein is
analyzed within a structure -of-interest (Fig. 4.18A). In our case, we examined vinculin
mobility within the cytoplasm. FLIP works by repeatedly photobleaching a small region
in a structure-of-interest while simultaneously measuring the decay in fluorescence in an
unbleached region. To accomplish this, we first visual ly divided a cell in half. In one cell
half, we repeatedly ablated a 1um region using a 515nm laser specific to Venus (A206K)

Simultaneously, we measured the decay invinculin fluorescence in the other cell half.
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This process was repeated in both MDCK cel types, expressing either VinTS or the
actin-binding mutant VinTS -1997A. Further details are located in the Methods. The
results demonstrated that VinTS mobility , as compared to VinTSI1997A, was reduced in
MDCK cells (Fig. 4.18B). In comparison to VinTS-1997A, the half-time of decay, a metric
of diffusi on in FLIP, for VinTS in MDCK cells was nearly 50% greater (Fig. 4.18C).
Additionally, intensity was greatest for VinTS in MDCK cells at 250s (Fig.4.18D).
Together, these results support the notion that vin culin mechanically couples a

cytoplasmic actin network .
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Figure 4.18 Fluorescence loss in photobleaching (FLIP ) analysis of cytoplasmic
vinculin.  A) Schematic of FLIP with associated sample images. B) Average fluorescence
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decay curvesfor VinTS and the actin-binding mutant VinTS -1997A. C) Comparisons of
the average FLIP halftime of decay as determined through fitting. D) Comparisons of
the averageremaining fluorescence at 250s Quantification and post -hoc analysis located
in the Appendix.

4.3.7 Vinculin mechanocoupling involves the formation of cell-cell
adhesions

To test if differences in vinculin loading were an emergent property of cell -cell
adhesions, we sought to determine if vinculin loading differ ed between MDCK cells
when plated individually. To do this, we sparsely plated VinTS - or VinTS-1997A-
expressing MDCK Il and MDCK cells (Fig. 4.19). Cells spread for ~12 hours before
imaging. We found VinTS load at FAs was substantially greater in MDCK |l cells (21 .1%
FRET efficiency, 2.10pN) compared to MDCK cells (24.2%, 1.37pN) (Fig. 49). This
suggests that CCM was associated with a reduction in vinculin loading a t FAs in MDCK
Il but not MDCK cells. As expected, VinTS-1997A showed reduced loads in comparison
to VinTS. Interestingly, VinTS was not entirely unloaded outside adhesions either. This
suggests thata basal level of vinculin mechanocoupling of a cytoplasmi ¢ actin network
exists and that cell-cell interactions greatly increases the amountY POEUODP Oz Uw

mechanocoupling as well as extends this coupling further into the cytoplasm .
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Figure 4.19Vinculin loading in single MDCK cells.  VIinTS- or VinTS-1997A-
expressing MDCK Il and MDCK cells were individually plated , imaged, and analyzed.
Quantification of FRET shows a difference in vinculin load at FAs but not in the c ytosol.

Quantification numbers and post hoc comparisons found in Appendix.
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4.3.8 Vinculin mechanocoupling is mediated by myosin contractility
and a long-lived actin network

At FAs and AJs, vinculin loading is associated with contractile forces from the
actomyosin network. To test whether vinculin is loaded by actomyosin contractility in
these structures as well as in thecytoplasm, cells were treated with either Blebbistatin
(40uM) or Latrunculin A (0.4uM) for 30 minutes prior to fixation and imaging .
Blebbistatin is an inhibitor of non -muscle myosin II, the primary motor protein in non -
skeletal muscle cells such as this system. Latrunculin Ais an inhibitor o f actin
polymerization. Both inhibitors had drastic effects on adhesion morphology (Fig 4.20 &
Fig. 4.21). Latrunculin A reduced the localization of vinculin to AJs and resulted in
punctate-like FAs. Conversely, Blebbistatin reduced the localization of vinculin to FAs
but not AJs. Interestingly, Blebbistatin but not Latrunculin A reduced VinTS load, as
indicated by FRET efficiency, in all structures (Fig. 4.22). A potential explanation comes
from the studies which investiga ted mechanocoupling of cytoplasmic actin structures
within single cells. In these studies, it was found that Latrunculin A treatment resulted
in disruption of actin stress fibers and an enrichment of cytoplasmic actin structures
[266, 267] Based onthese results, we hypothesize that vinculin loading is mediated by

long-lived, Latrunculin A -resistant actomyosin structures.
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Figure 4.20 Sample images of VinTS -expressing MDCK cells treated with
Latruncul in A
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Figure 4.21 Sample images of VinTS -expressing MDCK cells treated with
Blebbistatin
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Figure 4.22 Quantification of FRET effic iency in inhibitor -treated MDCK cells.
Quantification numbers and post -hoc comparisons found in Appen dix.

4.3.9 Vinculin mechanocoupling requires interactions with actin and
a site-specific head domain

While vinculin can bind numerous proteins, only a subset are thought to be
involvedin vinEUOD Oz UwU O OI1 wE UlL6F.seekifieadllyE dndufindd thodht thw
act as a mechanocoupler bymediating force transmission from F -actin interactions in its
tail domain to interactions in its head domain, likely mediated by Y-actinin, talin, and Y-
catenin. To testthis, we separately altered the actin-binding site (1997A) and a site (A50I)
O0O0POWUOWOT EPEUI wYDOEUOD Owb O U lattifire Keyppint@idsub DUT wUE
in FAs, AJs, and actomyosin, respectively. Following lentiviral expression in both
MDCK cell types, VinTS-1997A and VinTS-A501 were imaged and analyzed (Fig. 423 &

4.24).
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Figure 4.23 Sample FA and AJ images of MDCK Il cells expressing either
VinTS -1997 or, VIinTS -A50I with associated FRET efficiency images.
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Figure 4.24 Sample FA and AJ images of MDCK cells expressing either VinTS -
1997A or VIinTS -A501 with associated FRET efficiency images.

Our results show VinTS-1997A localized to FAs and AJs in both cell types (Fig.
4.23-4.24) but exhibited lower loads than VinTS (Fig. 4.25). The change was less apparent
in MDCK 1l cells because VinTS was less loaded.This suggests that Factin is responsible
for loading vin culin at all three structures. Furthermore, it demonstrates that F-actin is
not responsible for vinculin recruitment, at least in the discernable case of FAs and AJs.
Unlike VIinTS -1997A, VinTS-A50I localized to AJs but exhibited reduced localization to

FAs. This suggests talin interactions are critical for vinculin recruitment to FAs in
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migrating MDCK cells but is somewhat surprising given that vinculin har boring an A50I

mutation has been shown to localize to FAs in other contexts, even over-expression

systems[152, 292] Thus, the inability of VIinTS -A50I to localize to FAs might indicate a

difference in vinculin regulation and recruitment.

VinTS-A50I also exhibited lower loads

than VinTS at all structures. This contrasts with previous findings in fibroblasts where

VinTS-A50I could localize to FAs and bear loads[152]. Therefore, vinculin regulation is

likely multifaceted.
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Figure 4.25 Quantification of FRET efficiency for VinTS (black), VinTS  -1997A

(grey), and VIinTS -A50I (green) at different structures in MDCK Il and MDCK cells.
Quantification numbers and post -hoc comparisons found in Appendix.

In summary, our findings suggest a conserved role in both actomyosin-mediated

loading of vinculin and interactions O1 wY B O E Ui Theréfare, elsaught to

investigate the sources of vinculin regulation.
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4.3.10 Vinculin mechanocoupling requires PKC activity

To determine the regulators of vinculin mechanocoupling in migrating MDCK
cells, we looked at mechanisms which are thoughttodisrux OwY D OE U@ Oz Uwi | EE
autoinhibition [174]. As vinculin can be phosphorylated by multiple kinases, we
specifically tested whether kinase-specific inhibitors would affect vinculin
mechanocoupling. The three kinases known to regulate vinculin are Abl kinase, Src
kinase, and protein kinase C (PKC) [174]. In the barrier-based migration assay, VinTS
expressing MDCK cells were treated with Imatinib (Abl kinase inhibitor), PP2 (Src
kinase inhibitor), or Gouml 6983 (PKC inhibitor) (Fig. 4. 26). Optical flow analysis of
migration demonstrated that Imatinib and PP2 significantly slowed the migration speed
of the epithelial sheet. Gouml 6983, the PKC inhibitor, did not significantly slow
migration. Therefore, we hypothesized that Imatini b and PP2would have the greatest

effect on vinculin -mediated mechanocoupling.
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Figure 4.26 Effect of phospho -kinase inhibitors on MDCK migration.  (Top)
Sample images of migrating MDCK cells, overlaid with velocity fields, treated with
inhibitors. (Bottom) Quantification of cell speed at theleading edge.
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To probe the effect of kinase-specific inhibitors on vinculin mechano coupling,
VinTS-expressing MDCK cells in the droplet -based assaywere treated separately with

Imatinib, PP2,or Gouml 6983 and imaged (Fig. 4.27).
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Figure 4.27 Sample images of VinTS -expressing MDCK cells t reated with the
kinase -specific inhibitors Imatinib (Abl kinase), PP2 (Src  kinase), or Gouml 6983
(PKC).
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The results were striking (Fig. 4.28). Neither Imatinib nor PP2 altered vinculin

tension within any structure. As the tyrosine kinase inhibitors had t he greatest effect on

MDCK migration, this suggested that tyrosine kinases affect migration through vinculin

tension-independent mechanisms. Gouml 6983, on the other hand, substantially reduced

vinculin tension at all structures. This indicated that PKC activity contributes to the
regulation of vinculin mechanocoupling in sheet migration. However, the contribution

of vinculin to macroscopic mechanocoupling is unclear becausePKC inhibition had the

smallest effect on MDCK mig ration.
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Figure 4.28 Quantification of VinTS FRET efficiency in MDCK cells following
inhibition of kinases that site -specifically phosphorylate vinculin.  Quantification
numbers and post-hoc comparisons found in Appendix.

4.3.11 Protein kinase C inhibition disrupts MDCK migration

To better understand what effect, if any, PKC inhibition was having on MDCK
migration we examined the velocity correlation length determined from the velocity

field following P KC inhibitio n. We found that PKC inhibition significantly decreasel the
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correlation length , suggesting apotential role in vinculin tension mediating ma croscopic
mechanocoupling. We also observed a qualitative change in MDCK migration.
Specifically, cells treated with Gouml 6983 began to exhibit finger migration. Therefore,

PKC is likely to regulate multipl e aspects of sheet migrationand may, in part, dic tate the

emergent phenotype.
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Figure 4.29 Effect of PK C inhibitio n on MDCK migration and correlation
length. Sample images of A) untreated and B) Gouml| 6983treated cells overlaid with the
reconstructed velocity field. C) Quantification of velocity correlation length. P-value
from T -test shown above plot. Quantificatio n numbers: Control (n =11 assays, N =8
independent experiments); Go69836 =6, N = 3). Sample phase contrast images ofD)
untreated cells and E) Gouml| 6983 treated cellsat two time points . White arrows
indicate fingering prot rusions.

4.3.12 Phosphorylation of serine sites promote vinculin
mechanocoupling

Based on current literature, vinculin is known to interact specifically with protein
OPOEUI w" wE §293]. BuGmuntt 6983 & a broad spectrum PKC inhibitor, we
sought to more accurately and precisely determine if PKC promotes vinculin
mechanocoupling. The possible regulatory serine sites are S1033 and S1048.74]. A site-
specific alanine substitution prevents phosphorylation at these sites[175]. Therefore, we
preliminarily tested whether VinTS-S1033Aand VinTS-S1045Acould be loaded in
MDCK cells. Additionally , we sought a mutation that might exhibit struct ure-specific
alterations to vinculin load. Previous work has shown that loading of vinculin at AJs,
but not FAs, required Abl kinase-mediated phosphorylation of tyrosine at amino acid
822[173]. Furthermore, the work suggested that phosphorylation is required for
vinculin integration into AJs. Although our inhibitor results indicated that Abl kinase
did not affect vinculin tension in this system, we reasoned that non -specific effects could
be to blame. Therefore, we synthesized VinTS ' Y822F, which cannot be phosphorylated,

and hypothesized that vinculin loadi ng would be perturbed at AJs but not FAs.
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Figure 4.30 Sample FA and AJ images of MDCK cells expressin g either VinTS -
S1033A, VinTS-S1045A, or VinTS-Y822F with associated FRET efficiency images .
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For all three mutants, vinculin localized to both FAs and AJs (Fig. 4.30). Only
VinTS-S1033A exhibited a reduction in vinculin mechanocoupling, as evidenced by
vinculin tension (Fig. 4.31). Analysis of VinTS-S1045A and VinTSY822F dd not
demonstrate a change in vinculin tension. This indicated that serine 1033 is likely the
critical phosphorylation site which affects vinculin mechanocoupling. Furthermore, the
results of VinTS-Y822F corroborate ourconclusion that Abl kinase is not a factor in this

system and does not differentially affect the recruitment of vinculin to FAs and AJs.
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Figure 4.31 Quantification of FRET e fficiency for VinTS , VinTS -S1033A
VinTS -S1045A, and VinTS -Y822Fin MD CK Il and MDCK cells. Quantification
numbers and post-hoc comparisons found in Appendix.

4.3.13 Differences in vinculin regulation potentially explained by
presence of myoepithelial characteristics

A broader question that emerged from this research was why MDCK Il and
MDCK cells behaved so differently. A possible explanation is the isolation and selection
of these cells.The parental MDCK cell line contains a variety of cell phenotypes isolated

from canine kidney tissues. In tissues containing ductal network s, such as kidneys, two
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cell populations exist, epithelial cells and myoepithelial cells. In comparison to epithelial
cells, myoepithelial cells have acquired partial mesenchymal traits and are more
contractile [294]. As the MDCK Il were selected from the parental MDCK population, we
hypothesized that MDCK Il consisted of epithelial -only cells whereas MDCK cells were
a mixture of epithelial - and myoepithelial -derived cells. To test this hypothesis, we
stained these cells for myoepithelial markers. The protein vimentin is one early marker
of myoepithelial cells and has been shown to mediate cytoskeletal remodeling and
increased migration [295, 29§. Additionally, the p roteins cytokeratin -14 (KRT-14) and
p63 lead to enhanced migratory phenotypes in mod els of breast cancel{297]. P-cadherin
is also a marker of EMT in some contexts[298]. In MDCK Il a nd MDCK cells, vimentin
expression was restricted to the leading edge or expressed sevel cell lengths into the
layer, respectively (Fig. 4.32A). Moreover, expression of KRT-14 and nuclear locdization
of p63 was greater in MDCK cells (Fig. 432A & Fig. 4.33). MDCK cells also expressed P

cadherin, whereas MDCK Il cells did not (Fig. 4.32B).
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Figure 4.32 Expression of myoep ithelial markers in MDCK  cells. A) Samples
images of the expression andlocalization of vimentin and cytokeratin -14. B) Western
blots of P-cadherin expression.
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Figure 4.33 Expression and local ization of p63 in MDCK cells. (Left) Sample
images of p63 expression in both cell types. (Right) Quantification of the average p63
positive nuclei per image. Quantification: MDCK Il (n = 21 images); MDCK (n = 16).

In summary, our data suggests that a greaer mesenchymal-like phenotype in

MDCK cells may drive the difference in migration beha vior observed between MDCK I
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and MDCK cells. While direct links between myoepithelial gene expressi on and PKC
upregulation have not been explicitly described in the lit erature, PKC is implicated in
cancer mefastasis and breast cancer progressiorj299]. By further inv estigating
differences in the molecular mechanisms in these cell types, we may better understand

how devastating pathological processes, such as breast camc metastasis, arise.

4.4 Discussion

To address a growing need to understand molecular mediators of
mechanocoupling in CCM -mediated processes this wor k utilized F rster resonance
energy transfer (FRET)based molecular sensorswithin the context of 2D migration
assays.Madin -Darby Canine Kidney Cells (MDCK) were studied as theyare a common
biophysical model of CCM [47-49, 274278]. As multiple MDCK subtypes exist, we chose
to investigate two types, referred to asMDCK Il and MDCK, which exhibit differen t
migratory characteristics. We found that MDCK cells migrated nearly tw o times faster
than MDCK Il cells. Additi onally, MDCK cells exhibited a greater velocity correlation, a
common metric to infer macroscopic physical coupling. These resultsare similar to
findings which compared the migration of MDCK | and MDCK Il cells  [277] and could
explain the differ ing literature results of traction and monolayer stressesconducted with
various MDCK cells [48, 49, 274, 27&80]. Our findings were also conducted in two
different assays, adroplet -based and barrier removal-based migration assay. Due to the

consistent migratory behavior exhibited by each cell line in the two different assays, it
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MDCK cells are derived from a heterogenous population of kidney tissue. The refore, we
hypothesized that the difference in phenotypes was due to the presence of myoepithelial
characteristics in MDCK cells. Staining for myoepithelial markers supported this
hypothesis. As the purpose of this project was to identify molecular m ediators of
mechanocoupling, we turned our attentio n to mechnaisms of mechanocoupling.

In particular, w e examined actomyosin, FAs, and AJs.For all three structures, we
noticed substantial differen ces.In MDCK Il cells, phalloidin staining showed
characteristic actin belts along the leading edge. Tradition ally, the actin belts are viewed
as highly contractile [275], which phosphomyosin staining supported . Therefore, the
migration of MDCK |l cells resembled the migratio n of certain developmental systems,
such asD. mdanogastedorsal closure [264]. In these systems,actin belts are thought to
play a critical role in long -range coordination of CCM. While long-range coordination
was observed along the actin belt, MDCK Il migratio n was less mordinated deeper into
the cell sheet.In contrast to this, MDCK cells, which lacked actin belts, exhibited long -
range coordination both at the leading edge and throughout the cell layer. This finding
resembled the recent observation that actin belts are not essential for mediating
collective migration in D. melanogastetlorsal closure [271, 272] Therefore, we asked
what molecular mechanisms correspond to our macroscopic observations of long-range

coordination in the absence of pluricellular actin belts.
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As cortical actin was enriched in both cell types, we speculated that differences
in molecular mechanocoupling of actomyosin across AJs could explain the differencesin
long-range coordination for MDCK Il and MDCK cells. We found that both E-cadherin
and activE U 1 ‘Eateliin, a protein thought to be key in AJ reinforcement [106], were
enriched in MDCK Il cells . As these areboth indicators of cell-cell coupling [300], it was
surprising that MDCK I cells exhibited a lower velocity ¢ orrelation becausethe degree
of E-EEET 1 UPOwUU E b O b-CatenirewdElowerEnMDEKE ells ErnisYresult
suggested that Y-catenin is not a primary mediator of macroscopic mechanical coupling
during CCM .

A key step in the mechanocoupling of AJs is thought to be recruitment of
Y b O E U O-ea@nirnJ183) Yinculin is also known to form a much stronger interaction
with F-E E U b O ucaténid £ 19Y282, 301]Thus, we chose to investigatewhether
vinculin played a role in mechanocoupling MDCK cells. A key aspect of vinculin
regulation is its switch from an autoinhibited conformat ion to an open, active
conformation [162]. We began by measuring vinculin conformation using a FRET -based
vinculin conformation sensor. In both cell types, vinculin was open at FAs , which aligns
well with the traditional role of vinculin, develop ed mostly from studies on fibroblast
FAs [23, 144] Only in MDCK cells was vinculin open at AJs, although to a lesser degree
than FAs. This could mean vinculin assumes a different conformation at AJs compared

to FAs, or it could suggest that a smaller fraction of vinculin is open at FAs. In either

177



case, air results suggested that vinculin activity O wE U w O x x-cterinfctiihd w Y
correlates with differences in CCM. U weafenin activation is traditionally thought to
precede vinculin mechanocoupling, these results were surprising. &Y 1 OwYDOEUOD Oz U u
stronger F-actin binding, it is possible that few I U-ga¥enin-vinculin linkages are
Ul gUPUI Ewi OUwOI ET EOOE OU xcaidid linkatek dlane. ThisUOWEEUDP OwU
explanation would require a high -E1 | POPUa wbOUl UEE UD O Gatedim, UPT 1 QwYE
which has been demonstrated in the literature [91]. Another explanation could depend
on the stoichiometry O -BE U1 OPOWEOE wY D OE U Ob&@nin#notex DUT woOl UUL
vinculin may be engaged in MDCK AJs than in MDCK Il cells. Another possibility is
that YDOEUODPOwWOI ET EQOOEOUXx OPDOT wOicatenit Mowever) UwOEE U U U w
YPOEUOD Oz Uwb @UdtenireEEWIHUWDDI UWUbWWAET UUUOOEwWUT EOwYDOE
P B U {cate¥iin [162]. Further studies will be needed to clarify the role of vinculin
interactions b D UIEWEY 1 O b Gatdhi E w ¢

As conformation is not a direct measure of physical coupling, we implemented a
FRET-based vinculin tension sensor (VinTS) and determined that vinculin indeed
played a role in mechanocoupling migrating MDCK cells. In MDCK 1l c ells, vinculin
loading was predominantly limited to FAs b eneath pluricellular actin belts, consistent
with vinculin conformation . As these FAs were perpendicular to the direction of
migration, it suggest ed that the actin belt was prohibitive to migration in the direction of

free space In MDCK Il AJs, vinculin w as under little -to-no loads. Therefore, the critical
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mediator of molecular mechanocoupling in MDCK Il ET OO U wpb Etaterinbi©1 04 wY
MDCK cells, vinculin was loaded in both FAs and AJs. The more surprising observation

was that vinculin was loaded outside adhesions. Traditionally, cytoplasmic vinculin is

thought to assume its autoinhibited conformation aswas shown in this work , and data

has demonstrated that cytoplasmic vinculin is unloaded in the cytosol [162]. This is

novel because vinculin has never previously beenfound to be loaded outside adhesions

in fibroblasts [152]. Presumably, 0T T wOEUI UYT EwYDOEUODPOWOOEEDOT wE
role as anactin crosslinker [168, 192, 201, 203 plausible explanation is that vinculin
crosslinks a poorly unders tood cytoplasmic actin network , which has previously been
observed in single cells and is thought to play a key role in maintaining
mechanocoupling of single cells in the absence ofFAs [265-267]
ToEl OUI UwUOET UUUEOEwWYDOEUODPOZ UwUOOI WEUWEwWOO
cells, we first asked whether vinculin loa d was mediated by actomyosin-generated
forces. Following myosin inhibition, vinculin load was reduced everywhere.
Surprisingly, vinculin load was not significantly altered by Latrunculin A treatment ,
which prevents actin polymerization. We concluded that vinculin load in migrating
epithelial cells was mediated by long-lived actin networks that are resistant to

Latrunculin A. This idea is supported by research which shows that cytoplasmic actin

structures are resistant to Latrunculin A treatment [266, 267]
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To further validate that vinculin z UwU O O1 wb E UwU thttid, e Oa wU OwE O U x ¢
implemented VinTS harboring an actin -binding mutation (1997A). This decreased
vinculin | oad at all structuresOWE OO PUOD O unlklasalnmechanéraup@ B Oz U wU
dependent on actomyosin loading . However, we wanted to determine what other
interactions were involved. To do this , we implemented the A50l mutation which
disrupts vinculininter EEUDOOU Wk B UT wU E-@drihGudpEediimadipikeep® wE OE wY
vinculin in a closed conformation [144]. VinTS-A501 was unloaded everywhere similar
to VinTS-1997A. Interestingly, VinTS -A50I had significantly reduce d localization to FAs
but still localized to AJs.This suggests talinand Y-actinin interactions are critical for
vinculin recruitment to FAs in migrating MDCK cells but is somewhat surprising given
that vi nculin harboring an A501 mutation has been shown t o localize to FAs in other
contexts, even overexpression systems[152, 292] Thus, the inability of V inTS-A50I to
localize to FAs might indicate difference sin vinculin regulation and recruitment. The
observation that VinTS-A50I localizes to AJs but is unloaded has one otherimplication,
which has not yet been discussed.Previously, the A50I mutation was shown to
completely block ¢-E EUT OB O wE O E w x-EatetirEbidng inwittoQIBE 302) Y
Therefore, VinTS- kY ( WOOEEOPAEUDPOOWOOwW ) Uwbtata®OUUwoOP O1 O
interactions. This likely suggests thatA50I disrupts the inte ractions such that vinculin

cannot bear load or that vinculin loading at AJs is explicitly mediated b y ¢-catenin

interactions. However, we did not investigate x O U1 O-Cae&irOintapactions in this
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system. Instead, we investigated potential regulators of vinculin mechanocoupling in
MDCK cells.

To do this, we looked at known mechanisms which are thought to disrup t
Y b O E U O b-Git dutairihibiio& [174]. Specifically, three kinaseshave been observed
to phosphorylate vinculin and enable its activation. These include Abl kinase, Src kinase,
and Protein Kinase C (PKC)[174]. Upon treatment with Abl kinase and Src kinase
inhibitors, the migration of MDCK cells was greatly perturbed. Interestingly,
examination of vinculin | oads following Abl kinase or Src kinase inhibition
demonstrated that vinculin mechanocoupling was unperturbed. Later, we examined the
loading of VInTS harboring the Y822F mutation, which prevents phosphorylation by Abl
kinase. In agreement wit h the results from Abl kinase inhibition, VinTS -Y822F loading
was identical to VinTS loading . PKC inhibition , on the other hand, nearly reduced
vinculin lo ads, yet had minimal effects on migration speed. Upon further examination,
we determined that macroscopic mechanocoupling, as indicated by the velocity
correlation length, was reduced following PKC inhibition. Furthermore, PKC inhibition
resulted in fingering migration, which was more frequently observed in untreated
MDCK Il cells. Thus, PKCs appeared toplay a role in macroscopic mechanocoupling as

well as vinculin mechanocoupling in migrating MDCK cells  (Fig. 4.34)
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Vinculin
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K

PKC-Regulated Vinculin
Mechanocoupling

Figure 4.34 Working model of vinculin -mediated mechanocoupling during
CCM.

To better understand the possible regulation of vinculin mechanocoupling by
PKC, we lastly examined the two described serine phosphorylation sites, S1038 and
S1045 on which PKCY is thought to act [174]. Our results indicat ed that
phosphorylation of the $1033 site contributed to vinculi Oz U wU O @thamBcouplér.w O
Together, our findings suggest that serine/threonine phosphorylation may play an
underappreciated role in mechanocoupling of collectively migrati ng cells. In particular,
our work demonstrates that the family of PKC proteins drive sheet migration and can

alter the activity of key mechan osensitive proteins such as vinculin.

4.5 Conclusions and implications

In summary, this work has shown that vinculin re gulation can tune the
mechanocoupling of collectively migrating cells to mediate long -range coordination . In

epithelial MDCK I cells, long-range coordination is limited to regions along the leading
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edge, where actin belts are thought to mediate mechanocoupling . In myoepit helial-like
MDCK cells, long-range coordination extends far into the migrating sheet, and vinculin
mechanocouples both AJs and pluricellular actin networks. Our findings suggest that a
regulator of vinculin activity in MDCK cellsis PKC, which acts by phosphorylati ng
vinculin at two locations . PKCs consists of multiple isoforms, which have varied ef fects
on cell spreading, focal adhesion dynamics, and cell migration [303]. Important for this
work, u pregulation of PKC activity has previously been found in systems ranging from
mammary gland differentiation or carcinogenesisto angiogenesis and blood vessel
repair [304, 305] Additionally, recent work has revealed that over-activation of a PKC
isoform triggers increased cell contractility, vinculin expression, and preferential
vinculin recruitment to  FAs and results in basal extrusion in mammary epithelial cells
[306]. Therefore, PKC-mediated regulation of vinculin mec hanocoupling could be
implicat ed in mediating alterations in the migratory behavior of various physiological
and pathophysiological proce sses.While tyrosine kin ases have garnered significant
attention in regulating cell adhesion, this work more generally demonstrates that serine
kinasesplay an underappreciated role in multicellular interactions that warrants further

investigation.
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4.7 Appendix

4.7.1 Table of inhibitors

Inhibitor Assay

Actinomycin D Droplet
HGF Droplet
HGF Barrier
Latrunculin A Droplet
Blelbistatin Droplet
Imatinib Droplet
PP2 Droplet
Gouml 6983  Droplet
Imatinib Barrier
PP2 Barrier
Gouml 6983  Barrier

Manufacturer
Sigma
Biolegend
Biolegend
Sigma
Sigma
Sigma
Abcam
Abcam
Sigma
Abcam
Abcam

Product

SBRO0001:

596402
596402

Dilution
Used

2 ng/mL
20 ng/mL
20 ng/mL

L5163

B0560

SML1027
ab120308
ab144414
SML1027
ab120308
ab144414

0.4uM
40uM
50uM
10uM
1uM
50uM
10uM
1uM

4.7.2 Table of primary antibodies

Application
Western
Western
Wedern
Western
Western
Western
Western
Western
Western
Wedern

Antibody
Claudin2
Ecadherin
GAPDH
pl20-catenin
beta-catenin
alphacatenin
vinculin
plakoglobin
FAK
P-cadherin

Species
Mouse
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Mouse
Mouse
Rabbit
Mouse

Clonality
monoclonal
monoclonal
polyclonal
monoclonal
monoclonal
polyclonal
monoclonal
Monoclonal
polyclonal
monoclonal
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Manufacturer
Invitrogen

BD Biosciences

Santa Cruz

BD Biosciences

Cell Signag
Cell Signaling
Sigma

Sigma

Santa Cruz
Cell Signaling

Duration
8hr
24hr
N/A
30min
30min
1lhr
1lhr
30min
N/A
N/A
N/A

Product
12H12
610181
sc25778
610133
9581S
3236
V91314
P8087
sG932
14029

Dilution
1:500
1:5000
1:3000
1:4000
1:1000
1:2000
1:5000
1:1000
1:200
1:1000



vinculin Mouse
E-cadherin Mouse
alphacatenin Rabbit
alphal8 Rat

pMyosin Rabbit
Vimentin Mouse
Keratinl4 Rabbit
p63 Rabbit

phosphotyrosine Mouse

Results of Tukey HSD:

Level 1

MDCK 2ng Actinomycin D, 24hr
MDCK 2ng Actinomycin D, 24hr
MDCK 2ng Actinomycin D, 24hr
MDCK 2ng Actinomycin D, 24hr
MDCK 2ng Actinomycin D, 24hr
MDCK VinCS None

MDCK None

MDCK2ng Actinomycin D, 24hrs
MDCK 2ng Actinomycin D, 24hr
MDCK VinCS None

MDCK VinCS None

MDCK None

MDCK None

MDCK VinTS None

MDCKII 2ng Actinomycin D, 24t
MDCK VinCS None

MDCK None

MDCK VinTS None

MDCK VinTS None

MDCK VinCS None

MDCK None

MDCKII 2ng Actinomycin D, 24t
MDCKII None

MDCKII 2ng Actinomycin P4hrs

4.7.3 Post-hoc testing of droplet-based migration assays

monoclonal  Sigma V91314
monoclonal BD Biosciences 610181
polyclonal Cell Signaling 3236
monoclmal  Nagafuchi Lab N/A
polyclonal Cell Signaling  3671S
monoclonal  Sigma V6630
polyclonal Abclonal A15069
polyclonal AbClonal A2137
monoclonal Cell Signaling 9411S
Level 2 P-Value
MDCKII VinCS None <.0001
MDCKII VinTS None <.0001
MDCKII None <.0001
MDCKII 2ng Actinomycin D, 24F  0.002
MDCK VinTS None 0.0039
MDCKII VinCS None 0.0034
MDCKII VinCS None 0.0005
MDCK None 0.013
MDCK Vin& None 0.0729
MDCKII VinTS None 0.0172
MDCKII None 0.0058
MDCKII VinTS None 0.0019
MDCKII None <.0001
MDCKII VinCS None 0.1747
MDCKII VinCS None 0.5514
MDCKII 2ng Actinomycin D, 24t 0.6316
MDCKII 2ng Actinomycin D, 24t 0.5747
MDCKIVINnTS None 0.5733
MDCKINone 0.5055
MDCK VinTS None 0.87
MDCK VinTS None 0.84%
MDCKII VinTS None 0.9454
MDCKII VinCS None 0.8828
MDCKII None 0.9454
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MDCKII VinTS None MDCKIVIinCS None 0.9589

MDCK VinTS None MDCKII 2ng Actinomycin D, 24f 0.9995
MDCKVInCS None MDCK None 1
MDCKII None MDCKII VinTS None 1

4.7.4 Post-hoc testing of VinTS and VinTS mutant FRET efficiency

Quantification numbers:

Cell Type Construct Condition Structure Dates Images
MDCK VinTS Live FA 5 67
MDCK VinTS Live Basal Cyto 5 67
MDCK VinTS Live Al 5 48
MDCK VinTS Live Apical Cyto 5 48
MDCK VinTS Fix FA 7 152
MDCK VinTS Fix Basal Cyto 7 152
MDCK VinTS Fix Al 7 146
MDCK VinTS Fix Apical Cyto 7 146
MDCK VinTSA50I Fix FA 2 24
MDCK VinTSAS0I Fix Basal Cyto 2 26
MDCK VinTSA50I Fix Al 2 19
MDCK VinTSAS0I Fix Apical Cyto 2 19
MDCK VIinTSI997A Live FA 3 36
MDCK VinTS1997A Live Basal Cyto 3 36
MDCK VinTSI997A Live Al 3 24
MDCK VinTS1997A Live Apical Cyto 3 25
MDCK VinTSI997A Fix FA 5 61
MDCK VinTS1997A Fix Basal Cyto 5 61
MDCK VinTSI997A Fix Al 5 76
MDCK VinTS1997A Fix Apical Cyto 5 76
MDCK VIinTSS1033A Fix FA 2 29
MDCK VINTSS1033A Fix Basal Cyto 2 31
MDCK VIinTSS1033A Fix Al 2 12
MDCK VINTSS1033A Fix Apical Cyto 2 10
MDCK VIinTSS1045A Fix FA 1 7
MDCK VINnTSS1Q15A  Fix Basal Cyto 1 7
MDCK VIinTSS1045A Fix Al 1 7
MDCK VInTSS1045A Fix Apical Cyto 1 5
MDCK VinTSY822F Fix FA 3 44
MDCK VIinTSY822F  Fix Basal Cyto 3 44
MDCK VinTSY&2F Fix Al 3 42
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MDCK VinTSY822F  Fix

MDCKIl ~ VIinTS Live
MDCKIl  VinTS Live
MDCKIl ~ VIinTS Live
MDCKIl  VinTS Live
MDCKIl ~ VIinTS Fix
MDCKIl  VinTS Fix
MDCKIl ~ VIinTS Fix
MDCKIl  VinTS Fix
MDCKIl  VinTSA50I Fix
MDCKI  VinTSA50I Fix
MDCKIl  VinTSA50I Fix
MDCKIl  VinTSA50I Fix

MDCKIl  VIinTSI997A Live
MDCKIl  VIinTSI997A Live
MDCKIl  VIinTSI997A Live
MDCKIl  VIinTSI997A Live
MDCKIl  VIinTSI997A Fix
MDCKIl  VIinTSI997A Fix
MDCKIl  VIinTSI997A Fix
MDCKIl  VIinTSI997A Fix

Results of SteelDwass:

Levell

MDCK VinT®97A Apical Cyto Fix
MDCHI VinT9997A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCK VinT®97A AJ Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF®97A Basal Cytaove
MDCK VinT®97A Basal Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VInNFR97A FA Live
MDCKII VinF®97A Basal Cyto Live
MDCKII VinTS Basal Cyto Fix

Apical Cyto
FA
Basal Cyto
Al
Apical Cyto
FA
Basal Cyto
Al
Apical Cyto
FA
Basal Cyto
Al
Apical Cyto
FA
Basal Cyto
Al
Apical Cyto
FA
Basal Cyto
Al
Apical Cyto

A PAPADEABAEAPEAEDEPEDNNMNMNMNNOUOOOITOOOOWWWWW

Level 2

MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS AJ Fix

MDCK VinTS Apical Cyto Fix
MDCK Ving FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS AJ Fix
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58
43
43
34
34
74
74
65
65
12
17
25
30
52
54
31
31
54
54
43
43

p-Value
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<0001



MDCKII VinF850I Apical Cyto Fix
MDCK VinTF®97A AJ Fix

MDCKII VinF®97A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCHI VinT9997A Apical Cyto Live
MDCKII VInFR97A AJ Live
MDCKII VIinF&501 AJ Fix

MDCKII VInFR®97A FA Live

MDCK VinT®97A Basal Cyto Fix
MDCKII VinF&50I Apical Cyto Fix
MDCKII VInF®97A FA Fix

MDCK VinT850I Basal Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCKII VinF8501 AJ Fix

MDCKII VinF850I Basal Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MD VinT9997A Basal Cyto Live
MDCKII VIinF8501 AJ Fix

MDCKII VInF®97A AJ Live

MDCK VinT850I Apical Cyto Fix
MDCKII VinTS Basafto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinF®97A FA Live
MDCKII VinF®97A Apical Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinT850! AJ Fix

MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VInF®97A FA Fix

MDCK VinT8®97A Apical Gy Live
MDCKII VinF&50I FA Fix

MDCK VinT®97A Basal Cyto Live
MDCKII VInF®97A AJ Live

MDCK VinTFR97A Basal Cyto Fix
MDCKII VIinF&501 Apical Cyto Fix
MDCKII VInF®97A AJ Fix

MDCKII VinTS AJ Fix

MDCK VinT850I Apical Cyto Fix
MDCK VinTFS103A Basal Cyto Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS Basal Cyto Fi
MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK Ving AJ Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS FAx

MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK ViIinTS Apical Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Fix

MDCK ViIinTAJ Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MD VinTS Apical Cyto Fix
MDCK VinTS Apidayto Fix
MDCK VinTS Basal Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix
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<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001



MDCK VIinF®97A AJ Fix

MDCK VinT8501 AJ Fix

MDCKII VIinF8501 AJ ik

MDCK VinF®97A AJ Live

MDCK VinT850I Basal Cyto Fix
MDCKII VinFR97A Apical Cyto Fix
MDCK VIinTF®97A FA Fix

MDCKII VinF850I Basal Cyto Fix
MDCKIVINnTSA50I FA Fix

MDCKII VinTApical Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCKIVInTS Basal Cyto Live
MDCK VinT®97A Apical Cyto Live
MDCK VinF®97A FA Live

MDCK VinT®97A Basal Cyto Live
MDCKII VinTS AJ Live

MDCKII VinTS Apical Cyto Live
MDCK VifSS1033A Basal Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCK VinTFS1033A AJ Fix
MDCKII VInNFR97A Apical Qy Live
MDCKII VinTS Basal Cyto Fix
MDCKII VInF®97A FA Fix

MDCKII WWTSI997A AJ Fix

MDCKII VInF®97A FA Live

MDCK VinT8822F Basal Cyto Fix
MDCK VinT®97A AJ Live

MDCK VinT8501 AJ Fix

MDCKII VInF®97A AJ Live
MDCKIVInTSA50I FA Fix

MDCK VinTS1045A Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinT®97A Basal Cyto Fix
MDCK VinF®97A AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCKII VinTS Basal Cyto Fix
MDCK VinTS1033A Apical Cytex
MDCKII VinFR97A Apical Cyto Fix
MDCKII VinTS Basal Cyto Live

MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VimS FA Fix

MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Live

MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTSaBal Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS Apicalt@¥ix
MDCK VinTS Basal Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK \ATS FA Live

MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Live

MDCK VinTS FA Fix

MDCK VinTS ApidaytoFix
MDCK VinTS AJ Fix
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<.0001
<.0001
<.0001
<0001
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.002

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0025
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<.0001
<.0001
<.0001
<.0001
<.0001
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<.0001
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MDCKII VinF®97A Basal Cyto Live
MDCKII VIinF®97A Basal Cyto Fix
MDCKII VinTS AJ Live

MDCKII VinTApical Cyto Live
MDCK VIinTF®97A FA Fix

MDCK VIinT®97A FA Live

MDCKII VinF®97A Basal Cytove
MDCK VinT8®97A Basal Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinF®97A BasaCyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT850I Basal Cyto Fix
MDCK VIinTFS1033A AJ Fix

MDCK VinFS1033A FA Fix
MDCKII VinF®97A BasaCyto Live
MDCKII VInNF®97A FA Live

MDCK VinF®97A AJ Live

MDCK VIinT®97A AJ Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCKIVINTSI997AAJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCKII VInNFR97A FA Fix

MDCKII VinF®97A Basal CytFix
MDCKII VinF®97A Basal Cyto Live
MDCK VinT8822F Basal Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinTS AXFi

MDCKII VInNFR97A FA Fix

MDCK VinT®97A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF&50I FA Fix

MDCK VinTS FA Live
MDCKVINTS FA Live

MDCK VinTS AJ Fix

MDCK VinTS AJ Fix

MDCK VinTS AJ Fix

MDCK VinTS AJ Fix

MDCKII VinTS FA Fix

MDCK VinTBasalCyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCKII VinTS FA Fix

MDCK VinTSARLive

MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Live
MDCK VinTS FA Live

MDCK VinTS Apical Cyto Fix
MDCK VinTBasal Cyto Fix
MDCK YhTS FA Fix

MDCK VinTS AJ Fix

MDCK VinT8822F FA Fix
MDCK VinT8J Live

MDCK VinT8822F ApidaCyto Fix
MDCK VinT®97A FA Fix
MDCK VinTS Basal Cyto Live
MDCK VinTS Apical Cyto Fix
MDCK YATS AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VIinT®97A AJ Fix
MDCK VinTS AJ Fix

MDCK VIinT®97A FA Ki
MDCK VinTS Apical Cyto Fix
MDCK VinTS FA Live

MDCK VinTS Apical Cyto Live
MDCK VinTS AJ Live

MDCK VinTBasal Cyto Fix
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<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0003
0.0002
0.0255
<.0001
<.0001
<.0001
0.0004
<.0001
<.0001
0.4495
<.0001
<.0001
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<.0001
<.0001
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0.0094
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
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MDCKII VinF®97A Basal Cyto Live
MDCK VinTFS1033A AJ Fix

MDCKII VinF®97A Basal Cyto Fix
MDCK VinT8501 AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCKII VilS Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VInF®97A Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII WTSI997A Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VIinF&501 Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VIRSI997A FA Live
MDCKII VInNFR97A AJ Live
MDCKII VinF®97A Basal Cyto Live
MDCK VinF®97A AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCKII VinF850I Apical Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF®97A BadeCyto Live
MDCK VinFS1033A Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCK VinT®97A Baal Cyto Live
MDCK VinT®97A Apical Cyto Fix
MDCK VinTF®97A FA Live

MDCKII VinTS AJ Fix

MDCK VinT850I FA Fix

MDCK VinT850I Basal Cyto Fix
MDCKII VinTS Bal Cyto Fix
MDCKIVINnTSA50I AJ Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VinFI997A Basal Cyto Live
MDCKII VinFR97AApical Cyto Fix
MDCKII VIinF®97A FA Live
MDCKII VinTS Apical Cyto Live
MDCKII VinF850I AJ Fix

MDCKII VInNFR97A FA Fix

MDCKII VinT&J Live

MDCK VinTS Apical Cldwe
MDCK VinTS Apical Cyto Fix
MDCK VinTS AJ Live

MDCK VinTS Bagayto Fix
MDCK VinTS FA Live

MDCK VinTS AJ Live

MDCK VinTS Apical Cyto Live
MDCK VIinT®97A AJ Fix
MDCK VinT8822F FA Fix
MDCK VinT8822F FA Fix
MDCK VinTS Apical Cix
MDCK VinTS FA Live

MDCK VinTS FA Live
MDCKII VinTS FA Fix
MDCK VinTS FA Live
MDCKII VinTS FA Live
MDCK VinTS AJ Live

MDCK VimS Basal Cyto Fix
MDCKII VinTS FA Fix
MDCKII VinTS FA Live
MDCK VinT8822F AJ Fix
MDCKVInTS Basal Cyto Fix
MDCKVINTSY822F AJ Fix
MDCK VinT8822F AJ Fix
MDCK VinTS FA Live

MDCK VifS Basal Cyto Live
MDCK VinT8&pical Cyto Fix
MDCK VinTS FA Live

MDCK VinTS AJ Fix

MDCK VinTS FA Live

MDCK VinTS Apical Cyto Live
MDCK VinTS FA Live

MDCK VinTS FA Live

MDCK VinT8822F Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK VinT8822F FA Fix
MDCK VinTS Apical Cyto Fix
MDCKII VinTS FA Fix

MDCK VinT8822F FA Fix
MDCK VinTS Apical Cyto Fix
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MDCK VinT®97A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinF&50I Apical Cyto Fix
MDCK VIinTF®97A FA Fix

MDCKII VInF®97A Basal Cyto kiv
MDCKII VInNFR97A FA Live
MDCKII VInNF®97A FA Live
MDCKII VinTS Apical Cyto Fix
MDCK VinFS1033A FA Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCK VinF®97A AJ Fix

MDCKII VIinF®97A Apical Cyto Live
MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCKII VInNFR97A AJ Fix

MDCKII VIinF&501 Apical Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCKII VInNF®97A FA Live
MDCKII VInNFR97A FA Live
MDCKII VInNF®97A FA Live

MDCK VinTS1033A Apical Cyto Fix
MDCHI VinTSA50I1 AJ Fix

MDCKII VinF850I Basal Cyto Fix
MDCKII VInF®97A AJ Live

MDCK VinT$97A Basal Cyto Fix
MDCK VinT850IApical Cyto Fix
MDCKII VInNFR97A FA Live
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VInNFR97A FA Live

MDCK VinTS1033A Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCKII VIinF&501 Apical Cyto Fix
MDCK VinT8®97A Apical Cytoua
MDCKII VinF®97A Basal Cyto Live
MDCK VinT8501 AJ Fix

MDCK VIinF®97A AJ Live

MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF850I1 AJ Fix

MDCK VinTS AJ Live

MDCK VinTF8822F Apical Cyto Fix
MDCK VinTS Bal Cyto Fix

MDCK VinTS Basal Cyto Live
MDCK VinTS FA Live

MDCK VinT8®97A Apical Cyto Fix
MDCK VinTSJA.ive

MDCK VinT8822F Apical Cyto Fix
MDCK VinT38822F FA Fix
MDCKVInTS AJ Fix

MDCK VinTS Basal Cyto Live
MDCK VinT8822F Basal Cyto Fix
MDCK VinTS Apical Cyto Live
MDCKII VinTS FA Fix

MDCK VinTA&pical Cytd-ix

MDCK VinTS AJ Fix

MDCK VinTS FA Live

MDCK VinT8822F Apic&lyto Fix
MDCKVINTSI997A FA Fix

MDCKII VinTS FA Live

MDCK VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Live
MDCK VinTS Apical Cyto Fix
MDCK VinTS Basal Cyto Live
MDCKII VinTS FA Fix

MDCKII VinTS FA Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS FA Live

MDCK VinT8822F AJ Fix

MDCK VinTS FA Live

MDCK VIinT®97A FA Fix

MDCK VinTS FA Live

MDCK VinTF8822F FA Fix

MDCK VinT897A AJ Fix

MDCK VinTS FA Live

MDCKII VinTS Basayto Live
MDCK VinTS FA Live

MDCK VinTS Basal Cyto Fix
MDCK VIinT®97A Apical Cyto Fix
MDCK VinT897A FA Fix
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<.0001
<.0001
0.0015
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0145
<.0001
<.0001
<.0001
<.0001
0.9342
0.0123
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.7352
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.1443
<.0001
<.0001



MDCKII VinTS Basal Cyto Live
MDCKII VIinF8501 AJ Fix

MDCKII VInNFR97A FA Fix

MDCK VinT38822F Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCK VinTFS1045A AJ Fix

MDCKII VinF®97A Apical Cyto Live
MDCK VinTF38822F AJ Fix

MDCKII VinF®97A Basal Cyto Fix
MDCKII VinF&501 Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCK VinF®97A FA Fix

MDCKII VInNFR97A FA Fix

MDCK VinT®97A Basal Cyto Fix
MDCKII VinF®97A Basal @y Live
MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCKVInTSI997A AJ Live

MDCKII VinF®97A Apical Cyto Live
MDCKII VIinF8501 AJ Fix

MDCKII VIinF8501 FA Fix

MDCKII VinF®97A Apical Cytaue
MDCKVINnTSI997A FA Live

MDCKII VIinF&501 Apical Cyto Fix
MDCKII VInNFR97A AJ Live
MDCKII VInF®97A FA Fix

MDCKII VinF850I Apical Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VinTS AJ Fix

MDCKII VinTS Apical Cyto Live
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCKII VinTS AJ Live

MDCKII VInNFR97A AJ Fix

MDCKII VInF®97A AJ Fix

MDCK VinTS FA Live

MDCK VinT8822F Apical Cyto Fix
MDCKII VinTS FA Live

MDCK VinTS AJ Fix

MDCKII VinTS AJ Live

MDCK VinT®97A FA Live
MDCKII VinTS Apicalt€iive
MDCK VinTS FA Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinTS FA Fix

MDCKII VinTS AJ Fix

MDCK VinTS Basal Cyto Live
MDCKII VinTS AJ Fix

MDCK VinTS Apical Cyto Fix
MDCKII VinTS FA Fix

MDCK VinTS Basal Cyto Live
MDCKII VInFR97A AJ Fix
MDCK VinT®97A FA Fix
MDCK VinT8822F FA Fix
MDCK VinTS FA Live

MDCK VinT®97A FA Fix
MDCK VinT®97A AJ Fix
MDCK VinTS FA Live

MDCK VinTS Basal Cyto Live
MDCK VinTS FA Live

MDCK VinTS AJ Live

MDCK VinT-8822F Apical Cyto Fix
MDCK VinTA&J Live

MDCK VinTS Apical Cyto Live
MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Live
MDCKVInTSI997A AJ Fix
MDCK VinTS Ay

MDCK VinTS Basal Cyto Fix
MDCK VinTS FA Live

MDCKII VinTApicd Cyto Live
MDCK VinT®97A FA Fix
MDCK VinTS FA Live

MDCK VinTS Basal Cyto Fix
MDCK VinT8822F FA Fix
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<.0001
<.0001
<.0001
0.0092
<.0001
<.0001
<.0001
0.9917
<.0001
0.0369
<.0001
<.0001
<.0001
0.0123
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
0.0388
<.0001
<.0001
<.00aL

<.0001
0.0846
<.0001



MDCKIVInTE997A AJ Live

MDCKII VinF®97A Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VInFR97A AJ Live

MDCK VinT8&2F Basal Cyto Fix
MDCKII VInFR97A AJ Live

MDCKII VinF®97A Basal Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCKII WWTSI997A Basal Cyto Live
MDCKII VinFR97A BadaCyto Live
MDCKII VinF®97A Apical Cyto Live
MDCKII VinFR97A AJ Live

MDCKII VinF850I Apical Cyto Fix
MDCKII VinTApical Cyto Fix
MDCKII VInNFR97A FA Fix
MDCKIVInTSI997A AJ Live

MDCK VinTS1045A Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCKII VinF®97A Basal Cyto Live
MDCKII VinFR97A Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCKII VinF®97ABasal Cyto Live
MDCKII VinF850I Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF850I Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VinF®97A Apical Cyto Live
MDCK VinTS1033A AJ Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VInF®97A AJ Live

MDCKII VIinF850I1 Apical Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VIinF®97A FA Live

MDCK VinF®97A AJ Fix

MDCKII VinF®97A Basal Cyteix

MDCK VinTS AJ Live

MDCK VIinT®97A FA Live

MDCK VinT8822F FA Fix

MDCK VIinTF®97A FA Fix

MDCK VinTS FA Live

MDCK VinFY822F FA Fix
MDCKII VInFR97A AJ Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1033A FA Fix
MDCK VinT850I FA Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Live
MDCK VinT8822F FA Fix

MDCK VinTS AJ Live

MDCK VinT8822F AJ Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Fix
MDCK VinTS AJ Live

MDCKII VIinF®97A Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCKII VinTS FA Live

MDCKII VinTS Basst&Fix

MDCK VinT8822F AJ Fix
MDCKVInTSS1033A FA Fix
MDCKII VinTS FA Fix

MDCK VinT-850I FA Fix

MDCK VinTS Apical Cyto Fix
MDCKII VinTS FA Live

MDCK VinT8822F AJ Fix

MDCK VinTBasal Cyto Fix
MDCKII VinTS FA Live

MDCKII VinTS FA Live

MDCK VinT8822F Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCKIVInTS ApidaCyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCKII VinTS Basal Cyto Fix
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<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.00aL

<.0001
<.0001
<.0001
<.0001
0.9988
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.108

<.0001
<.0001
0.9497
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0004
0.0001



MDCK VinT850I Basal Cyto Fix
MDCKII VIinFR97A AJ Live
MDCKII VInNFR97A FA Fix

MDCK VinT8®97A Basal Cyto Live
MDCKIVINnTSA501 AJ Fix

MDCKII VinTS Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCKII VInF®97A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinT®97A Basal Cyto Live
MDCK VinF®97A ApicaCyto Fix
MDCKII VinTS AJ Fix

MDCK VinFS1033A AJ Fix

MDCK VinT850I Basal Cyto Fix
MDCKIVINTSI997A AJ Fix

MDCKII VinTS AJ Live

MDCKII VIinF8501 AJ Fix

MDCKII VIinF8501 AJ Fix

MDCKII VinTS Basal Cyto Fix
MDCK VinT8822FApical Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCK VinTS1045A FA Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinT®97A Basal Cyto Live
MDCKII VinTS Apical Cyto Live
MDCKII VInNFR97A FA Fix

MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VIinF8501 FA Fix

MDCKII VInNFR97A Apical Cyto Live
MDCK VinTFS1033A Apical Cyto Fix
MDCKII VInF®97A FA Fix

MDCKII VInFR97A Apial Cyto Fix
MDCKII VIinF&501 Apical Cyto Fix
MDCKII VInNFR97A AJ Fix

MDCK VinT850I Apical Cyto Fix

MDCK VinTAJ Live

MDCK VinT8822F AJ Fix

MDCK VinTS Apical Cyto Live
MDX VinTS AJ Live

MDCK VinT8822F FA Fix

MDCK VinT8822F FA Fix

MDCK VinT897A Basal Cyto Fix
MDCKVInTS AJ Live

MDCKII VInF®97A ApicaCyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT850I FA Fix

MDCK VinTS AJ Live

MDCK VinTS FA Live

MDCK VinTS Apical Cyto Live
MDCKII VinTS FA Live

MDCK VinT8822F FA Fix

MDCK VinT8822F AJ Fix
MDCKII VinTS FA Live

MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS FA Live

MDCK VinTBasal Cyto Fix
MDCK VinTS FA Fix
MDCKVINnTSY822F AJ Fix
MDCKVInTS Apical Cyto Live
MDCK VinT-8822F FA¥

MDCK VinT-8822F Apical Cyto Fix
MDCK VinTS AJ Live

MDCK \ATS Apical Cyto Live
MDCK VinTS Basal Cltee

MDCK VinTS Apical Cyto Live
MDCK VinT897A AJ Live
MDCKII VinTS FA Fix

MDCK VinT8822MBasal Cyto Fix
MDCK VinTBasal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT8822F AJ Fix
MDCKVInTS1997A Apical Cyto Fix
MDCK VinTS AJ Live

MDCK VinTS AJ Live
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<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0008
<.0001
0.0032
<.0001
<.0001
<.0001
<.0001
<.0001
0.5334
0.0004
0.3205
0.9999
0.0001
<.0001
<.0001
0.0001
<.0001
0.0003
0.0003
<.0001
<.0001
0.0463
<.0001
0.999
0.0014
<.0001
0.0033
<.0001
<.0001



MDCKII VInNFR97A AJ Fix

MDCKII VinFR97A Apical Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCK VinFS1045A Basal Cyto Fix
MDCK VinT®97A Apical @o Live
MDCK VinTFS1033A Apical Cyto Fix
MDCKII VinF850I1 Basal Cyto Fix
MDCK VinTFS1033A FA Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF&50I Apical Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCK VinTFS1033A FA Fix

MDCK VinT®97A FA Live

MDCKII VIinF&501 Apical Cyto Fix
MDCK VinT850I FA Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinT-850I Basal Cyto Fix
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCKII VIinF&501 Basal Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT850I Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VInFR97A Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCK VIinTF®97A FA Fix

MDCK VinT8501 AJ Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VinTA&pical Cyto Live
MDCKII VInNFR97A AJ e

MDCK VinTS1033A Basal Cyto Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCK VinT850I Apial Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinTS AJ Fix

MDCKII VinTS Basal Cyto Live

MDCKII VinTS FA Fix

MDCK VinTS Apidayto Live
MDCKII VinTS Basal Cyto Live
MDCK VinTS FA Live

MDCK VinTS AJ Live

MDCK VinTSAH.ive

MDCK VinT8822F FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCKII WTS AJ Live

MDCK VinT8822F Basal Cyto Fix
MDCK VinTS FA Live

MD VinTS Basal Cyto Fix
MDCK VinT®97AFA Live

MDCK VinTS FA Live

MDCK VinT850I FA Fix

MDCK VinTS1045A Fkix

MDCK VinTS1045A AJ Fix
MDCKII VinTS FA Live

MDCK VIinT®97A Apical Cyto Fix
MDCKIVinTSApical Cyto Live
MDCK VinT8822FAJ Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VIinT®97A AJ Live

MDCK VinTS1@5A Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinTS AJ Live

MDCK VinTS AJ Live

MDCK VinTS1045A AJ Fix
MDCK VinTS Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK YATS AJ Live

MDCK VinTS1045A AJ Fix
MDCK VinT-8501 AJ Fix

MDCK VinTS Basal Cyto Live
MDCK VinTS1045A FA Fix
MDCK VinTS Apical Cyto Live
MDCK VinTS AJ Live
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0.0024
<.0001
<.0001
0.1948
<.0001
0.0478
<.0001
0.7012
<.0001
<.0001
<.0001
0.0015
0.6825
<.0001
0.0023
0.0092
0.4854
0.0296
<.0001
0.0387
<.0001
<.0001
0.8623
<.0001
0.0002
0.1564
0.1564
0.0002
0.0019
<.0001
0.53
0.7703
<.0001
<.0001
0.0415
0.0004
0.009
0.0451
0.0043
0.0003



MDCKII VinTS Basal Cyto Fix
MDCKII VinTS AJ Fix

MDII VinTS AJ Live

MDCKII VinTS Apical C¥ig
MDCKII VIinF8501 FA Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCKII VInF®97A Apical Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCKII VinF&50I AJ Fix
MDCKIVINTSI997A FA Live
MDCKII VIinF&501 Apical Cyto Fix
MDCKII VInNFR97A FA Live
MDCKVINnTSI997A Apical Cyto Live
MDCKII VinTS FXF
MDCKIVINnTSA50I AJ Fix

MDCKII VinF®97A Basal Cyto Fix
MDCKII VINF®97A AJ Fix

MDCKII VIinF850I1 FA Fix

MDCKII VinF&50I1 AJ Fix

MDCK VinTS Basal Cyto Live
MDCKII VInFR97A Apical Cyto Fix
MDCKII VIinF8501 FA Fix

MDCKII VihSI997A Apical Cyto Live
MDCKII VinTS Basal Cyto Fix
MDCK VinT8501 AJ Fix

MDCKII VinTS Apical Cyto Fix
MDII VinT$997A Basal Cyto Live
MDCKII VInNFR97A AJ Fix

MDCK VinT8501 AJ Fix
MDCKVINnTSI997A AJ Live

MDCKII VInF®97A FA Live

MDCK VIinFS1045A AJ Fix
MDCKII VinFR97A Basal Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT®97A FA Live

MDCKII VIinF8501 AJ Fix

MDCKII VInF®97A FA Live

MDCKII VinTS AJ Live

MDCK VinT8822F AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1033A FA Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCKII VinTS Basst&Live
MDCK VinT®97A FA Live
MDCKII VinTS AJ Live

MDCKII VinTS AJ Fix

MDCK VinT850I FA Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS FA Fix

MDCKII VinTS AJ Live

MDCK VinTS1045A FA Fix
MDCK VinT8822F AJ Fix

MDCK VinT8822F FA Fix

MDCKII VinTS Apical Cyto Live
MDCK VinTS AJ Fix

MDCK VinTS Bdsayto Live

MDCK VinTS AJ Live

MDCK VinT897A AJ Fix

MDCKII VinTS Apical Cyto Live
MDCK VinTS Apical Cyto Live
MDCK VinT-8822F Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinTS Basat€Live

MDCK VinTS AJ Live

MDCKII VinTS Apical Cyto Live
MDCK VinTS AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCKII VinTS Basal Cyto Live
MDCK VinTS Basal Cyto Live
MDCK VinTS Apical Cyto Live
MDCK VinTA&J Live

MDCKII VinTS AJ Fix

MDCK VinTS1033A FA Fix
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0.0105
0.0036
0.8107
0.0174
0.0108
0.0142
0.0248
0.0018
<.0001
<.0001
0.0004
0.0046
0.0003
0.0001
0.637

<.0001
0.0727
0.0003
0.0002
<.0001
0.6107
0.0099
0.0012
0.0282
0.0207
0.0002
0.0191
0.0015
0.001

0.0241
0.0002
0.0009

0.0016
0.0001
0.019
0.0006
0.00®
0.0155
0.0014



MDCKII VInNFR97A FA Fix

MDCKII VIinFA50I FA Fix

MDCKII VinF®97A BasaCyto Live
MDCK VinFS1033A Basal Cyto Fix
MDCKII VIinF8501 FA Fix

MDCKII VIinFA50I FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinTFS1045A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Fix
MDCKII VinFA50I Basal Cyto Fix
MDCKII VInNFR97A FA Live
MDCKII VIinF&50I FA Fix
MDCKIVInTE997A FA Live
MDCKII VIinF&50I FA Fix

MDCKII VinTBasal Cyto Live
MDCKII VIinF&501 Apical Cyto Fix
MDCKII ViRSI997A Basal Cyto Live
MDCKII VinFR97A Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VInF®97A FA Live
MDCKII VinFR97A Basal Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCKII VIinF&501 Apical Cyto Fix
MDCKIIVIinT9997A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCKII VinTS Apical Cyto Live
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinTS AJ Live

MDCKII VinF®97A Basal Cyto Fix
MDCK VinF®97A AJ Live

MDCKII VinF®97A Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VIinF8501 Apical Cyto Fix
MDCKII VIinF®97A FA Live
MDCKII VInNFR97A AJ Live
MDCKII VinFR97A Basal Cyto Fix

MDCK VinT®97A FA Fix

MDCK VinT®97A FA Fix

MDCK VinTS1033A AJ Fix

MDCK YATS Basal Cyto Live
MDCK VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Live
MDCK VinTS AJ Live

MDCK VinTS FA Fix

MDCK VinT-850I Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinT®97A AJ Fix

MDCK VinT8822F AJ Fix

MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS FA Live

MDCK VinT8822F AJ Fix

MDCK VinTS1033A FA Fix

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinT850I FA Fix

MDCK VinT®97A FA Live

MDCK VinT®97A FA Live

MDCK VinTS1033A Basal Cyto Fix
MDCK VinTS A&k

MDCK VinT-850I FA Fix

MDCKII VIinF850I FA Fix

MDCK VinTS1033A Apical Cyto Fix
MDCKVInTS AJ Live

MDCK VinT897A FA Live

MDCK VinTS AJ Live

MDCK VinTS1033A AJ Fix

MDCK VinTS Apical Cyto Live
MDCK VinT850I Apical Cyto Fix
MDCK VinTA&pical Cyto Live
MDCKII VinTS AJ Live

MDCKII VIiRS AJ Live

MDCKII VinTS Apical Cyto Live
MDCKII VinTS Apical Cyto Fix
MDCK VinTS1045A AJ Fix

MDCK VimSI997A AJ Fix

MDCK VinTS1033A Apicdlyto Fix
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0.0211
0.0648
0.0167
0.0204
0.0037
0.166

0.8545

0.0028
0.0472
0.0715
0.0005
0.3538
0.0008
0.0015
<.0001
0.0036
0.0052
0.0141
0.0573
0.004

0.0046
0.9323
<.0001
0.0341
0.0665
0.0028
<.0001
0.0033
0.0436
0.0024
0.0138
0.0095
<.0001
0.0002
<.0001
0.0506
0.2552
0.1712
0.1217



MDCKII VIinF8501 AJ Fix

MDCKII VInNFR97A Apical Cyto Live
MDCKII VinTS AJ Fix

MDCK VinTF8822F Basal Cyto Fix
MDCK VIinF®97A AJ Fix

MDCKII VIinTS Apical Cyto Live
MDCKII VinF®97A Basal Cyto Live
MDCKII VInNF®97A FA Fix

MDCKII VinTS AJ Live

MDCKII VInF®97A Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VINF®97A AJ Fix

MDCK VIinTFS1033A AJ¥i

MDCKII VinF&50I1 AJ Fix

MDCKII VIinF8501 AJ Fix

MDCKII VIinF®97A Apical Cyto Live
MDCK VinTF®97A FA Fix

MDCKII VInNF®97A AJ Live

MDCKII ViiSI997A Basal Cyto Fix
MDCKII VInNF®97A FA Live

MDCKII VInNFR97A FA Live

MDCKII VinTS AJ Fix

MDCK VinTF®97AFA Live

MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCKII VInF®97A FA Fix

MDCKII VIRSI997A AJ Fix

MDCKII VIinF&501 Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VinF®97A Apical Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCKII VInF®97A AJ Live

MDCKII VinTS Apical Cyto Live
MDCK VIinTF®97A FA Fix

MDCKII VInNFR97A AJ Live

MDCKII VInNFR97A Apical Cyto Live
MDCK VinF®97A AJ Live

MDCKII VinTS AJ Live

MDCK VinTS1033A FA Fix
MDCKII VinTS Apical Cyto Live
MDCKVInTS Basal Cyto Live
MDCK VinTS AJ Live

MDCK VinT850I FA Fix

MDCK VinT8822F AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinTS1045A Apical Cyfex
MDCK VinT8822F AJ Fix

MDCK VinT897A Basal Cyto Live
MDCKVINnTSS1045A Apical CytixF
MDCK VIinT®97AAJ Fix

MDCKII VInFR97A AJ Live
MDCK VinT8822F Apical Cyto Fix
MDCK VinTAJ Live

MDCK VinT850I FA Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT850I FA Fix

MDCK VinTS Basat&€Fix

MDCKII VinTS AJ Live

MDCKII VIinF850I FA Fix

MDCK VIinTS1045A FA Fix
MDCKII VinTS Basal Cyto Live
MDCK VinT8822F Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCKII VinTS Apical Cyto Fix
MDCKVInTSI997A FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCK VinTS1D33A FA Fix

MDCK VinT897A FA Live
MDCKII VInFR97A AJ Live
MDCKII VinTA&pical Cyto Live
MD VinTS Apical Cyto Live
MDCK VinTS Apical Cyteeli
MDCK VinT850I FA Fix

MDCKII VinTS Basal Cyto Live
MDCK VATS Basal Cyto Live
MDCK VinTS Apical Cyto Live
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<.0001
0.0004
0.1882
0.0174
0.234

0.0033
0.0226
0.6899
0.0039
0.0266
0.9565
0.392

0.0251
0.0643
0.0345
<.00a

0.1139
0.0002
0.9621
0.0012
0.1199
0.3743
0.046

0.208

0.02

0.2359
0.1058
0.0659
0.1667
0.0881
0.0007
0.0037
0.0584
0.0031
0.0375
0.2033
0.0008
0.0193
0.2915
0.0477



MDCK VinTF8822F AJ Fix
MDCKIVINTSI997A FA Live
MDCKII VinTS Basal Cyto Live
MDCKII VInFR97A AJ Live
MDCKII VinF850I Apical Cyto Fix
MDCKII VIinF8501 Apical Cyto Fix
MDCK VinTF8822F AJ Fix

MDCKII VinFA50I Basal Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCKII VInNFR97A Apical Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCKVINnTSS1033A AJ Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VinTS AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK VinTF®97A Apical Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCKII VIinFR97A AJ Live

MDCK VinT8822F Basal Cykix
MDCKII VinF850I AJ Fix

MDCKII VinF850I Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCK VinTS1045A Bad Cyto Fix
MDCKIVINnTSA50I AJ Fix

MDCKII VinF®97A Basal Cyto Fix
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VInFR97A Ajcal Cyto Fix
MDCKII VInF®97A FA Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinT®97A Basal Cyto Live
MDCKII VIinF8501 A Fix

MDCKII VInFR97A Apical Cyto Fix
MDCKII VIinF8501 Apical Cyto Fix
MDCKII VInNF®97A FA Fix

MDCK VinT-897A Basal Cyto Live
MDCKII VInF®97AFA Fix

MDCK VinTS AJ Fix

MDCKII VInFR97A AJ Fix

MDCK VinT8822F Apical CytoxFi
MDCK VinTS1033A FA Fix

MDCKII VinTS Basal Cyto Fix
MDCK VinT®97A AJ Live

MDCK VinTS FA Live

MDCK VinTS1033A FA Fix

MDCK VinT897A Basal Cyto Fix
MDCKII VInFR97A AJ Fix

MDCK VinT®97A FA Fix

MDCK VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCKII VIinFR97A Apical Cyto Live
MDCK VinTS1045A Apical Cyto Fix
MDCK VIinT®97A FAIk

MDCK VinT8822F AJ Fix

MDCK VinT®97A AJ Fix

MDCK Vin$ Apical Cyto Fix

MDCK VinTS Basal Cltee

MDCKII VIinF®97A Apical Cyto Live
MDCK VinT®97A FA Live

MDCK VinTS Basal Cyto Fix
MDCK VinT8®97A Baal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinTS AJ Live

MDCK VinT897A Al Live

MDCK VinTS1045A Basal Cyto Fix
MDCK VinT-850I FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCK VinT-§1045A AJ Fix

MDCK VinTS AJ Live

MDCK VinT-850I FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCK VinFS1045A Apical Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinTS1045A FA Fix

MDCK VIinT®97A AJ Fix

MDCK VinT-8501 FA Fix
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0.9917
0.1116
0.171
0.0027
0.4444
0.0012
0.3247
0.0004
0.337
0.0335
0.2216
0.9907
0.1614
0.1422
0.9963
0.535
0.1214
0.8051
0.9994
0.4744
0.1947
0.0291
0.999
0.3574
0.8183
0.4412
0.6341
0.0019
0.855
0.0004
0.2021
0.868
0.4015
0.0258
0.1737
0.7314
0.012
0.8802
0.7284
0.2918



MDCKII VInF®97A AJ Live

MDCKII VIinF8501 Apical Cyto Fix
MDCKIVInTS Apical Cyto Fix
MDCKII VinTS Apical Cyto Fi
MDCK VinT8822F Apical Cyto Fix
MDCKII VInFR97A FA Live

MDCKII VinF8501 ApicaCyto Fix
MDCK VinTFS1033A FA Fix

MDCK VinFS1033A AJ Fix

MDCKII VInFR97A AJ Live

MDCKII VinF850I Apical Cyto ¥i
MDCK VinT38822F Basal Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCK VinTFS1045A AJ Fix

MDCKII VinF850I Apical @o Fix
MDCKII VInNFR97A FA Fix

MDCKII VinF850I Apical Cyto Fix
MDCKII VinFR97A AJ Live

MDCKII VinF®97A Apical Cyto Live
MDCKII VIinFR97AAJ Fix

MDCK VinTF®97A FA Live

MDCKII VIinF8501 AJ Fix

MDII VinT$997A AJ Live

MDCKII VinF&501 Apical CytBix
MDCKII VIinF&50I1 AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinFS1033A AJ Fix

MDCKII VinF&50I AFix

MDCKII VinTBasal Cyto Fix

MDCK VinT850I FA Fix

MDCKII VinTS FA Fix

MDCKII VinF850I AJ Fix

MDCK VIinFS1033A FA Fix

MDCKII VinTS FA Fix

MDCK VinTFR97A Basal Cyto Fix
MDCKIVInTE997A Apical Cyto Live
MDCKII VinF&50IApical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCKII VInF®97A AJ Fix

MDCK VinTS1033A Apical Cyto Fix

MDCKII VinTS Basal Cyto Live
MDCK VinT8501 AJ Fix

MDCK VinTS1045A FA Fix

MDCK VinTS1045A AJ Fix

MDCK VinTS AJ Live

MDCKII VinTS AJ Fix

MDCK VinT897A Apical Cyto Live
MDCK YATS AJ Live

MDCK VinTS Basal Cyto Live
MDCKII VInFR97A AJ Fix

MDCK VinTS1045A AJ Fix

MDCK VinTS ApicCyto Live

MDCK VinTS1045A Basal Cyto Fix
MDCK VinTBA Live

MDCK VinTS1045A FA Fix

MDCK VinTS103A FA Fix

MDCK VinT-850I Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS Basal Cyto Live
MDCKII VinTS Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK VinT®97A FA Fix

MDCK VinT897A Apical Cyto Live
MDCKII VinTS AJ Fix

MDCK VinTS AJ Live

MDCK VinTS FA Live

MDCK VinT-8501 AJ Fix

MDCK VinTS Basal Cyto Fix
MDCK VinT8822F FA Fix

MDCK VIinT®97A AJ Fix

MDCK VinTS1045A AJ Fix

MDCK VinTS1033A AJ Fix

MDCK VinTS Apical Cyto Live
MDCK VinT®97A FA Fix

MDCK VinTS Basal Cyto Live
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0.1167
0.0064
0.9912
0.9925
0.5833
0.721

0.0215
0.2663
0.9468
0.2011
0.0568
0.4446
0.9458
0.998

0.0742
0.4852
0.023

0.2581
0.2581
0.8881
0.7698
0.8981
0.7646
0.2357
0.0272
0.7989
0.9253
0.0255
0.9461
0.415

0.9581
0.0129

1

0.9153
0.9613
0.1784
0.0582
0.7866
0.83®

0.9953



MDCKII ViRS Apical Cyto Live
MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Fix

MDCKII VinTS AJ Fix

MDCKII VinF850I Bisal Cyto Fix
MDCK VinFS1045A FA Fix

MDCK VinTS Apical Cyto Live
MDCKII VInNF®97A AJ Live

MDCKII VinTS Apical Cyto Fix
MDCKII VInNFR97A Apical Cyto Live
MDCKII VinTS AJ Live

MDCK VinTS1045A Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCK VinT850I FA Fix

MDCKII VinF850I Basal Cyto Fix
MDCKII VinF&50I1 AJ Fix

MDCKII VinF®97A Apical Cyto Live
MDCKII VinF&50I AJ Fix

MDCKII VinF850I Apical Cyto Fix
MDCKII VinTS Basat&lyix

MDCK VinTFS1045A FA Fix

MDCKII VInFR97A Apical Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCKII VInF®97A FA Fix

MDCKII VinTS AJ Fix

MDCKII VinTS Apical Cyto Live
MDCKII VInNFR97A AJ Live

MDCKII VinF850 AJ Fix

MDCKII VInNFR97A FA Live

MDCKII VinF850I AJ Fix

MDCKII VInNFR97A FA Fix

MDCKII VInNFR97A Apical Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MDCKII VIinF&501 Apical Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MDCK VinTS Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinTS AJ Live

MDCK VinT-8822F Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VIinT®97A FA Ki

MDCK VinTS1045A FA Fix

MDCK VIinT®97A AJ Live

MDCK VinTS AJ Fix

MDCK VinTS AJ Fix
MDCKVINnTSS1045A AJ Fix

MDCK VinT850I FA Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinTS1045A FA Fix

MDCK VinTS Basal Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinTS1045A FA Fix

MDCK VinTS1D45A FA Fix

MDCK VIinTS1045A AJ Fix

MDCK VinTS1033A Basal Cyto Fix
MDCKVINTSI997A AJ Live

MDCK VinTS FA&iv

MDCK VinT850I FA Fix

MDCK VinT®97A FA Fix

MDCK Vin&A50I Basal Cyto Fix
MDCK VinT850! AFix

MDCKII VinTS AJ Live

MDCK VinTS1045A AJ Fix

MDCK VinTBasal Cyto Live

MDCK VinTS1045A FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT®97A AJ Live

MDCK VinT850I Apical Cyto Fix
MDCKII VinTS Apical Cyto Live
MDCK VinTS1045A AJ Fix

MDCK VinT8®97A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCKII VInFR97A Apical Cyto Fix
MDCK VinTS AJ Live
MDCKVINnTSS1033A FA Fix

MDCK VinTS104% Apical Cyto Fix
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0.7526
0.9533
0.9425
0.9995
0.0148

0.2661
09173
0.9042
0.8278
0.9623
0.8789

0.0327
0.0586
0.3187
0.0686
0.2722
0.9862

0.5676
0.9422
0.0767
0.0159
0.8682

0.9702
0.4717
0.2755
0.8583
0.1051
0.897
0.9558
0.993
0.2747
0.7308

0.9751
0.8874



MDCKII VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Live
MDCK VinT®97A Apical Cyto Live
MDCKII VInF®97A Apical Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinFS1045A Basal Cyto Fix
MDCKII VInNFR97A FA Live
MDCKII VIinF8501 AJ Fix

MDCK VinT8822F Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCKII VinF®97A Apical Cyto Live
MDCK VinTS Basal Cyto Fi
MDCKII VInNFR97A AJ Fix

MDCKII VinTAJ Live

MDCK VinT8822F Apical Cyto Fix
MDCK VinFS1033A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKIVINTSI997A AJ Live
MDCKII VInNFR97A FA Live
MDCKII VinFR97A Basal Cyto Fix
MDCK VinTS1033A FA Fix

MDII VinT&\501 FA Fix

MDCKII VInNFR97A FA Live

MDCK VinTS1033A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKIVInTS Basal Cyto Fix
MDCKII VIinF8501 FA Fix

MDCKII VIinF&501 Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MD VinT8997A Apical Cyto Fix
MDCKII VinF®97A Basal Cyto Live
MDCKII VIinF&501 Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT®97A FA Live

MDCKII VIinF8501 AJ Fix

MDCKII VinFR97A Basal Cyto Fix
MDCKII VIinF850I1 FA Fix

MDCKII VinTS AJ Fix

MDCK VinT850I FA Fix

MDCKII VInF®97A AJ Fix

MDCK VinTS1045A Apicaly® Fix
MDCK VinTS AJ Live

MDCK VinT850I FA Fix
MDCKVINnTSS1033A FA Fix

MDCK VinTS1033A AJ Fix

MDCK VinTS Basal Cyto Live
MDCKII VIinF®97A Apical Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VinTS1045A Aigal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCK VIinT®97A AJ Live

MDCK VinTS Apical Cyto Live
MDCK VinT8822F Basa&tyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT8822F AJ Fix
MDCKVInTSA50I FA Fix

MDCK VinTS1033A AJ Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinTS1033A AJ Fix
MDCKII VIinF8501 AJ Fix

MDCK VinTS Apical Cyto Live
MDCKII VinTS AJ Live

MDCKII VinTS Apical Cyto Fix
MDCK VinT897A FA Fix

MDCKII VIinF8501 AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT-S1033A Basal @QyFix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT897A AJ Live

MDCKII VinF8501 Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinTS Apldayto Fix

MDCK VinT897A FA Fix

MDCK VinTS1033A Apical Cyto Fix
MDCKII VinT-8501 Apical Cyto Fix
MDCKII VinTS ApicCyto Live
MDCK VinT-8501 FA Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS1045AAJ Fix
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0.8874
0.9874
0.2132
0.7826
0.1206

0.9564
0.4746
0.9987
0.9919
0.503

0.9424
0.994
0.9865
0.5484

0.9948
0.9924
0.9734
0.9408
0.7013
0.9984
0.9999
0.9816
0.9998
0.2389
0.5766

0.9998
0.9879
0.1796

0.9969
0.3841
0.9903
0.8154
0.9991
0.9776
0.9981



MDCKII VInNFR97A AJ Fix
MDCKIVInTSA50I FA Fix

MDCKII VinTS Basal Cyto Live
MDCK VinT38822F Apical Cyto Fix
MDCKII VinF850I1 Basal Cyto Fix
MDCKII VInFR97A FA Live
MDCKII VinTS Basal Cyto Live
MDCKII VinF850I Basal Cyto Fix
MDCKII VinF850I1 Basal Cyto Fix
MDCKII VIinFR97A AJ Live
MDCKII VinTS Basal Cyto Live
MDCK VinT8822F Apical Cyto Fix
MDCKII VInNFR97A FA Live
MDCKII VInNFR97A FA Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VInFR97A Apical Cyto Fix
MDCKII VinTS AJ Fix

MDCHI VinTS Apical Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCKII VinFR97A Apical Cyto Live
MDCKII VinF®97A Apical Cyto Live
MDCK VinF®97A AJ Live

MDCKII VInNFR97A AJ Fix

MDCKII VinTS Basal Cyto Live
MDCK VinTS1045A Apical Cyto Fix
MDCKII VIiRSA50I Basal Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKVINnTSS1045A AJ Fix
MDCKII VInNFR97A AJ Live

MDCK VIinT®97A FA Fix

MDCKII VInNFR97A FA Live
MDCKII VinF®97A Ajcal Cyto Live
MDCKII VinF8501 Basal Cyto Fix
MDCK VinT®97A Basal Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCKII VInF®97A AJ Live

MDCK VinTS1033A Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix

MDCK VinTS1045A FA Fix

MDCK VinTS1033A FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCK VinTS1045A Apal Cyto Fix
MDCK VinTS1033A AJ Fix

MDCKII VInFR97A FA Fix

MDCK VinTS1045A AJ Fix

MDCK VinTS1045AAJ Fix

MDCK VinTS1045A FA Fix

MDCK VinT®97A AJ Live
MDCKVINTSS1045A FA Fix

MDCK VinTS Apicalt€y.ive

MDCK VinTS1033A Apical Cyto Fix
MDCK VinT®97A FA Live

MDCKII VinTS AJ Live

MDCKII VinTApical Cyto Live
MDCK VinTS1033A FA Fix

MDCKII VinTS AJ Live

MDCK VinT897A Basal Cyto Live
MDCK Vin&S1033A AJ Fix

MDCK VinT897A BasaCyto Fix
MDCKVInTSA50I FA Fix

MDCK VinT850I1 FA Fix

MDCK VinT-850IFA Fix

MDCK VinTS FA Live

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT897A Basal Cyto Live
MD VinT&/822F Apical Cyto Fix
MDCK VinT8501 AJ Ki

MDCK VinTS Apical Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT8501 AJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT897A AJ Live

MDCK VIinT®97A AJ Live

MDCK VinTS1033A AJ Fix

MDCK VinT®97A FA Live

MDCK VinT897A FA Fix
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MDCKII VinTS FA Fix

MDCKII VinF&50I AJ Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VINF®97A AJ Fix

MDCKII WWTSApical Cyto Live
MDCKII VInNFR97A Apical Qy Live
MDCKII VIinF8501 FA Fix

MDCKII VInNFR97A Apical Cyto Live
MDCKII VInNFR97A FA Live

MDCKII VinFA50IFA Fix

MDCKII VInNFR97A FA Live

MDCKII VinTS AJ Live

MDCKII VinTS Apical €ydive
MDCKII VInNF®97A FA Live

MDCKII VInNFR97A FA Fix

MDCK VinTF8822F Basal Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VInNFR97A AJ Live

MDCKII VinTS AJ Live

MDCKII VinF®97A Apical Cyto Live
MDCKII VinTS Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VinTA&pical Cyto Live
MDCKII VinTS Basal Cyto Fix
MDCKII VinF®97A Apical Cyto Live
MDCKII VInNFR97A FA Fix

MDCK VinT®97A Apical Cyto Live
MDCKII VInNFR97A FA Live

MDCKII VInF®97A AJ Live

MDCK VinTS1045A Apical Cyto Fix
MDCKVINnTSI997A FA Live

MDCKII VinTS FA Live

MDCKII VinF850I FAFix

MDCK VinTFS1033A AJ Fix

MDCKII VinF850I FA Fix

MDCKII VIinF850I1 FA Fix

MDCKII VInNFR97A Apical Cyto Live
MDCKII VinF®97A Apical Cyto Live
MDCKII VInF®97A AJ Live

MDCK VinTS AJ Fix

MD VinT8997A Basal Cyto Live
MDCK VinT®97A FA Live

MDCK VinTS1033A FA Fix

MDCK VinTS1045A AJ Fix

MDCK VinT8501 AJ Fix

MDCK VinT®97A FA Live

MDCK VinT®97A Apical Cyto Live
MDCK VinT897A Apical Cyto Live
MDCK VinT®97A AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCKVInTSS1045A AJ Fix

MDCK VinT®97A FA Fix

MDCKII VIinF850I FAFix

MDCKII VinTS Basal Cyto Live
MDCK VinTS Basal Cltee

MDCK VinT-S1045A Basal Cyto Fix
MDCK VinTS1033A FA Fix

MDCK VinTS1033A Apical Cyto Fix
MDCKVInTSS1045A FA Fix

MDCK VinTSL033A Basal Cyto Fix
MDCK VinT®97A FA Live

MDCK VinT-850I Basal Cyto Fix
MDCK VinTS1045A FA Fix

MDCK Vin$1997A Apical Cyto Live
MDCKII VinF850IFA Fix

MDCKII VInFR97A AJ Fix

MDCK VinT897A AJ Fix

MDCK VinTS104% Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCK VinTS AJ Fix

MDCK VinT-850I FA Fix

MDCK VinTS FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT850I FA Fix
MDCKIVINTS AJ Fix

MDCKII VinTS Basal Cyto Live
MDCK VinTS1@5A Basal Cyto Fix
MDCKII VinTS Basal Cyiw
MDCKVINnTSA501 AJ Fix
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MDCK VinTS Basal Cyto Live
MDCKII VInNFR97A Apical Cyto Live
MDCKII VIinF8501 AJ Fix

MDCK VinT8®97A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCK VinTFS1033A FA Fix
MDCKII VIinF8501 FA Fix

MDCK VinTF38822F AJ Fix

MDCK VinTS Apical Cyto Live
MDCKII VinTS AJ Live

MDCK VIinFS1045A AJ Fix
MDCKII VinFR97A AJ Live

MDCK VinT®97A Basal Cyto Live
MDCK VinFS1033A Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCKII VinFR97A AJ Live
MDCKII ViRSI997A Basal Cyto Live
MDCKII VinTS Basal Cyto Fix
MDCKII VInNFR97A FA Live
MDCKVInTSA50I1 FA Fix

MDCKII VInNFR97A AJ Live
MDCKII VInNFR97A FA Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VinTA&pical Cytd.ive

MDCK VinTS1033A Apical Cyto Fix
MDCKII VInF®97A FA Live

MDCK VinT®97A Basal Cyto Live
MDCKII VinF850IFA Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VinTS FA Live

MDCKII VinF®97A Apical Cyto Fix
MDCKII VinTS Apical Cyto Live
MDCKII VInNFR97A AJ Fix

MDII VinT&501 Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Live

MDII VinT$997A FA Live
MDCKII VInNF®97A Alile

MDCKII VinTS Basal Cyto Fix
MDCK VinT8822F Basal Cyto Fix

MDCK VinTS Apical Cyto Live
MDCK VinT850IApical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinT8®97A Apical Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinTS1045A AJ Fix

MDCK VinTS AJ Live

MDCK VinTS AJ Live

MDCK VinT®97A FA Fix

MDCK VinTS AJ Live

MDCK VinT®97A Apical Cyto Live
MDCK VinT8501 AJ Fix

MDCK VinT®97A AJ Fix

MDCK VinTS1045A AFix

MDCK VinTS1033A Basal Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS1033A Bas&yto Fix
MDCK VinTS Basal Cyto Live
MDCK VinTS1045A Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCK VinT-850I FA Fix
MDCKVInTSA50I FA Fix

MDCK VinT-850I Basal Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinTS1045A FA Fix
MDCKIVInTS Basal Cyto Live
MDCK VinT8822F FA Fix

MDCKII VInFR97A AJ Fix

MDCK \hTSY822F Basal Cyto Fix
MDCKII VinTS AJ Live

MDCK VinTS1045A Basal Cyto Fix
MDCKII VinTS AJ Live
MDCKVInTSA50I FA Fix

MDCK VinT850I Apical Cyto Fix
MDCK VinT850I! Basal Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCKVINnTSS1045A FA Fix
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MDCK VinTSL045A FA Fix

MDCKII VIinFR97A AJ Live
MDCKII VInNFR97A AJ Live
MDCKII VInNFR97A FA Fix

MDCK VinTS1045A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII Ving Basal Cyto Live
MDCK VinF®97A Basal Cyto Fix
MDCKIVINTSI997A AJ Fix
MDCKIVInTS AJ Live

MDCKII VinTS AJ Fix

MDCKII VinTS Basal Cyto Fix
MDCKII VinTS Apical Cyto Live
MDCK VinTF8822F Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKIVINTSI997A FA Live

MDCK VinTS1045A Basal Cyto Fix
MDCKII VIinTS FA Fix

MDCKII VIinTS Aie

MDCKII VIinFR97A AJ Live

MDCK VinT®97A Basal Cyto Fix
MDCK VinT®97A Basal Cyto Live
MDCKII VinTS FA Live

MDCK VinT®97A Apical Cyto Live
MDCHI VinT9997A Apical Cyto Fix
MDCKIVInTSA5B0I FA Fix

MDCK VinTFS1045A FA Fix

MDCK VifmSI997A Basal Cyto Live
MDCK VinT®97A ApichCyto Fix
MDCKVINnTSS1045A AJ Fix

MDCK VIinTFS1033A AJ Fix
MDCKII VinTS Basal Cyto Fix
MDCK VinT®97A Basal Cyto Live
MDCK VinTS1045A Basal Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VinT8822F A Fix

MDCKII VInNFR97A FA Fix

MDCKII VinF850I FA Fix

MDCKII VinF®97A Apical Cyto Live
MDCK VinTS1045A Basal@ Fix

MDCK VinTS AJ Live

MDCK VinT850I Apial Cyto Fix
MDCKII VinF850I FA Fix

MDCK VIinT®97A AJ Fix

MDCK VinT850I FAFix

MDCK VinT850I Apical Cyto Fix
MDCKII VinTS Apical Cyto Live
MDCK VinT850I AJ Fix

MDCKII VinTS Apical Cyto Live
MDCK VinT8822F Basal Cyto Fix
MDCK VIinT®97A FA Live

MDCK VinT850I Basal Cyto Fix
MDCKVInTSS1033A FA Fix
MDCKVInTS Basal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinT®97A Basal Cyto Fix
MDCKVInTSS1033A FA Fix

MDCK VinTS AJ Live

MDCK VinTS1033A FA Fix
MDCKII VinTS Basat®lyix

MDCK VinT897A Apical Cyto Live
MDCK VinT850I Apical Cyto Fix
MDCK YATS FA Live

MDCK VinT®97A AJ Live

MDCKII VinTS AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinT8®97A Basal Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinTS Apical Cyto Live
MDCK VIinT®97A FA Live

MDCK VinT®97A Basal Cyto Fix
MDCK VinT-850 Basal Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS1045A FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VIinTS133A Apical Cyto Fix
MDCK VinT®97A AJ Live

MDCK VinT897A Basal Cyto Live
MDCK VinTS1045A AJ Fix

207

PR RPRRPRRPRPRRPRPRPRRPRPRRPRRPRRPRRPRRPRRPRRPRPRPRPRRPRPRPRPRPRPRPRERRERER

=

0.9997

e



MDCK VIinTF®97A FA Fix

MDCK VinFS1033A Basal Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinTFS1033A Apical Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCKII VISI997A FA Fix

MDCKII VInNFR97A FA Fix

MDCKII VInNFR97A AJ Fix

MDCKII VinF®97AApical Cyto Live
MDCKII VInNFR97A FA Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VInNFR97A FA Fix

MDCKII VinTS Basal Cyto Live
MDCK VinT850I Basal Cyto Fix
MDCK VinTFS1045A FA Fix
MDCKII VInFR97A Apical Cyto Fix
MDCKII VIinF850I1 FA Fix
MDCKIVInTSA50I FA Fix

MDCK VinTSL033A Basal Cyto Fix
MDCK VinTS AJ Live

MDCKII VinTS Apical Cyto Fix
MDCKII VIiSA50I Basal Cyto Fix
MDCK VinTS1033A Basal CytoFi
MDCK VinT®97A Basal Cyto Fix
MDCKII VinF850I Apical Cyto Fix
MDCK VinT882F Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCKII VInF®97A FA Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VInF®97AAJ Live

MDCKII VinF®97A Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VIinF8501 FA Fix

MDCKII VInNFR97A Apical CgtFix
MDCK VinTS FA Live

MDCK VinTF8822F Apical Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinTFS1045A Apical Cyto Fix
MDCKIVInTS Apical Cyto Fix

MDCKVInTSA50I FA Fix

MDCK VIinT®97A AJ Live

MDCK VinT8501 AJ Fix

MDCK VIinT®97AFA Live
MDCKVINTSS1045A AJ Fix

MDCK VIinTS1033A AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT®97A FA Live

MDCKII VInFR97A AJ Live

MDCK VilSI997A AJ Live

MDCK VIinT®97A AJ Fix

MDCK VinTS1045A Basal Cyto Fix
MDCK VIinF®97A FA Live

MDCK VinT850I AJ Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033A AFix

MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS AJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinTS1033A AJ Fix

MDCK VinT8®97A Apical Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinT-850I FA Fix

MDCK YWTSA50I Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCK VinTS1033A AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VIinT-897A AJ Live

MDCK VinTS1033A AJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS FA Fix

MDCK VinTS Basal Cyto Live
MDCKII VIinF850I Apical Cyto Fix
MDCK VimSI997A FA Live

MDCK VinTS AJ Live

MDCK VinTS1045A Basal Cyto Fix
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MDCKII VinTS Apical Cyto Fix
MDCKII VIinTS Apical Cyto Live
MDCKVInTSY822F Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinTS1033A FA Fix

MDCK VIinFS1045A AJ Fix

MDCK VinTF8822F AJ Fix

MDCKII VIinFA50I FA Fix
MDCKVINTSI997A AJ Live

MDCK VinTF$8822F Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCKII VIinTT®97A AJ Fix

MDCKII VinTAJ Fix

MDCK VinTF8822F AJ Fix

MDCK VinTFS1045A FA Fix
MDCKII VInNF®97A FA Live
MDCKII VIinF850I1 FA Fix

MDCK VinFS1033A Basal Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCKII VIinF850I1 FA Fix

MDCK VinT850I Basal Cyto Fix
MDCK VinTFS1033A AJ Fix
MDCKII VinF®97A Apical Cyto Fix
MDCK VinT®97A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT8822F AJ Fix

MDCKII VinTS AJ Fix

MDCKII VinFR97A A Fix

MDCK VIinTFS1033A AJ Fix

MDCK VinT®97A Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinTFS1045A FA Fix

MDCK VinTFS1045A FA Fix
MDCKVINnTSS1045A AJ Fix

MDCK VinTS1045A Basal Cyto Fix
MDCKIVInTS FA Fix

MDCKII VIinFR97A AJ Fix

MDCK VIinT®97A AJ Fix

MDCKII VinTS AJ Live

MDCK VIinTF®97A FA Fix
MDCKVInTSI997A AJ Live

MDCK VinT850I FA Fix

MDCK VinTS Basal Cyto Live
MDCK VinTS ApicCyto Fix

MDCK VinTS1033A Basal Cyto Fix
MDCK VIinT®97A AJ Fix

MDCK VinTS1033A FA Fix

MDCK VinT-850I Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCK YhTSS1033A Apical Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKVINTSA50I AJ Fix

MDCK VinT8501 AJ Fix

MDCK VinT897A Apical Cyto Live
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT8®97A Apical Cytoua
MDCK VinT850I Apical Cyto Fix
MDCK VIinT®97A AJ Live

MDCKII VinTSpkal Cyto Fix

MDCK VinT-850I Apical Cyto Fix
MDCK VinT897A AJ Live

MDCK VinTS1033A AJ Fix

MDCK VinT-S1045A FA¥

MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VIinT®97A AJ Fix

MDCK VinT-850I Basal Cyto Fix
MDCK VinTS1033A AJ Fix

MDCK VinT-8501 AJ Fix

MDCK VinTS1045A AJ Fix

MDCK VinTS Basal Cyto Live
MDCK VinTS Bdsayto Fix

MDCK VinT897A AJ Live

MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS AJ Fix
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MDCK VinTS Apical Cyto Live
MDCK VIinTFS1033A~A Fix

MDCKII VInNFR97A AJ Fix

MDCKII VInNFR97A AJ Fix

MDCKII VinTS AJ Fix
MDCKIVInTS Basal Cyto Live
MDCKII VinTS Basal Cyto Live
MDCK \ATSS1045A Basal Cyto Fix
MDCKII VIinF850I1 FA Fix

MDCK VinTFS1033A Apical Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinFS1045A Apic&yto Fix
MDCKII VInNFR97A FA Live

MDCK VinFS1033A Basal Cyto Fix
MDCKIVInTSA50I FA Fix

MDCKII VInNFR97A FA Fix

MDCKII VInNFR97A FA Fix

MDCKII VInNFR97A FA Fix

MDCK VinTFS1033A AJ Fix
MDCKII VinTS Apical Cyto Live
MDCK VinTS1033A Apical Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCKII VInF®97A FA Live
MDCKIVInTSI997A Apical Cyto Fix
MDCKII VinTS FA Fix

MDCKII VinTS AJ Live

MDCK VinT®97A Apical Cyto Live
MDCKII VinTS Apical Clioe

MDCK VinTS1033A AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCKII WWTS Basal Cyto Live
MDCKII VinTS Basal Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCKII VInFR97A Apical Cyto Fix
MDCKII VInF®97A FA Fix

MDCK VinTFS1045A Basal Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinTSL045A Apical Cyto Fix

MDCKVInTS Apical Cyto Fix
MDCK VinT®97A FA Fix

MDCK VinTS1033A ABix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033A AJ Fix

MDCK VinTS1045A Basal @yFix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT-850I Apical Cyto Fix
MDCK VIinT®97A A Fix

MDCK VIinT®97A AJ Live

MDCK VIinTS1045A AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinT850I Apical Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MD VinT8997A Apical Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinTF8501 AJ Fix

MDCK VinTS1045A Basal @yFix
MDCKVInTSA501 AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VifiSA50I AJ Fix

MDCKII VInF®97A AJ Live
MDCKIVINTSA50I FA Fix

MDCK VinTS Apical Cyto Live
MDCK VinTS1045A Basal Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VIinT®97A FA Live

MDCK VinT897A Apical Cyto Live
MDCK VinT-850I Apical Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinTS1033A AJ Fix

MDCK VinT850I Basal Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCKII VinF850I FA Fix

MDCK VinT897A Apical Cyto Live
MDCK VinT®97A Apical Cyto Live
MDCK VinT897A Apical Cyto Live
MDCK VinTS Apical Cyto Live
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MDCKII VinTBasal Cyto Live
MDCKII VIinF850I1 FA Fix

MDCK VinTS Basal Cyto Live
MDCK VinTF8822F AJ Fix

MDCK VinTFS1045A FA Fix

MDCK VinT8822F FA Fix

MDCK VinTS1045A Basal Cyto Fix
MDCKII VInNFR97A AJ Fix

MDCKII VIinF850I1 FA Fix

MDCKII VinTS AJ Live

MDCK VinTS1045A Basal Cyto Fix
MDCK VinTFS1045A FA Fix
MDCKII VinF®97A Apical CygtFix
MDCKII VInFR97A Apical Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinTS AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VIinFS1045A AJ Fix

MDCK VinFS1033A Basal Cyto Fix
MDCKII VinTS Apical Cyto Live
MDCK VinFS1045A AJ Fix

MDCK \iTSS1033A Apical Cyto Fix
MDCK VinTS1033A AJ Fix
MDCKII VinTS AJ Live

MDCK VinT®97A AJ Live

MDCK VinTFS1045A FA Fix

MDCK VinT8822F FA Fix
MDCKIVInTS FA Fix

MDCKII VinF&50I FA Fix

MDCK VIinFS1045A AJ Fix

MDCK VinTS1045A Basélyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1045A FA Fix

MDCK VinTSL045A FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT8®97A Apical Cyto Live
MDCK VinTS1045A AJ Fix

MDCK VinTSL033A Basal Cyto Fix
MDCK VinTS1033A Apicdlyto Fix

MDCK VIinT®97A AJ Live

MDCK VIinT®97A Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK YhTSS1045A AJ Fix

MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS FA Live

MDCK VIinT®97A AJ Fix

MDCK VinT®97A AJ Live

MDCK VinT897A Apical Cyto Fix
MDCK VinT®97A FA Live

MDCK VinT-850I Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT8501 AJ Fix

MDCK VinTS103A Basal Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VIinT®97A AJ Fix

MDCK VinT850I AJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VIinT®97A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT-850I Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinTS1033A Apical CytixF
MDCK VinT-8501 AJ Fix

MDCK VinT850I FA Fix

MDCK VinTS FA Fix

MDCK VinT8822F AJ Fix

MDCK VinT®97A Basal Cyto kiv
MDCK VinTS1033A FA Fix

MDCK VinT897A Basal Cyto Live
MDCK VinT850I FA Fix

MDCK VinTS1033A AJ Fix

MDCK VinTS1033A FA Fix

MDCK \iTSS1033A Apical Cyto Fix
MDCK VinT8®97A Apical Cyto Fix
MDCK VinTS1033A AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinT850I Basal Cyto Fix
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MDCK VinTS1045A Basal Cyto Fix
MDCK VinTF®97A FA Live

MDCK VIinTFS1033A AJ Fix

MDCKII VIinTS Apical Cyto Live
MDCK VinTS1033A FA Fix
MDCKII VinTS FA Fix

MDCKII VInNFR97A AJ Fix

MDCKII VInNFR97A FA Fix

MDII VinT$997A Basal Cyto Live
MDCKII VInNFR97A FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTEA Live
MDCKVInTSS1045A Basal Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS FA Fix

MDCKII VinTEA Live

MDCKII VInNFR97A AJ Fix

MDCK VinF®97A AJ Live

MDCKII VInNFR97A FA Live

MDCK VinT38822F Basal Cykox
MDCK VinT8822F Apical Cyto Fix
MDCKII VinTS AJ Live

MDCKII VinTS Basal Cyto Live
MDCKII VinF®97A Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCK VinTS1033A FA Fix
MDCKII VinTS Apical Cyto Live
MDCK VinT8822F AJ Fix
MDCKIVInTS Apical Cyto Fix
MDCKII VinTS Basal CyjieL
MDCKII VInNFR97A FA Fix

MDCK VIinT®97A AJ Live

MDCKII VIinTS AXFi

MDCKII VinTS AJ Fix

MDCK VinTFS1033A Apical Cyto Fix
MDCK VinTS1045A FA Fix
MDCKII VinTS AJ Live

MDCHI VIinTS AJ Fix

MDCK VinTFS1033A AJ Fix

MDCKII VinTS Apical Cyto Fix

MDCK VinT-850I Basal Cyto Fix
MDCK VinT®97A AJ Live

MDCK VinT-850I Basal Cyto Fix
MDCKVINTSS1033A AJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1045A FA Fix
MDCKII VinTSpeal Cyto Fix

MDCK VinT850I Apical Cyto Fix
MDCKII VIinF®97A Basal Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinTBasal Cyto Live

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VIinTS1033A AJ Fix

MDCK VinTS Apical Cytw F

MDCK VinTS AJ Live

MDCK \ATSI997A AJ Fix

MDCK VinT850I Apical Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MDCK VinTS1045A Basal Cyto Fix
MDCK Vin$S1033A FA Fix

MDCK VIinTS1033A AJ Fix

MDCK VIinT®97A AJ Fix

MDCK VinT-850IBasal Cyto Fix
MDCK VinT-850I Apical CytBix
MDCK VinT897A FA Live

MDCKII VinTS AJ Fix

MDCK VinTBasal Cyto Live

MDCK VinT-850I Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT-8501 AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinTS Basal Ckir

MDCKII VinTS AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCKVInTSI997A Basal Cyto Live
MDCK VinT850I Basal Cyto Fix
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MDCKVINnTSS1033A FA Fix

MDCKII VIinTS FA Fix

MDCKII VIinF8501 FA Fix

MDCKII VInNFR97A AJ Fix

MDCKII VInNFR97A AJ Fix

MDCKII VInNFR97A Apical Cyto Live
MDCKII VinTS Basal Cyto Live
MDCKVInTSS1045A Apical Cyto Fix
MDCKIVINTSI997A AJ Fix

MDCK VinTFS1045A Apical Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VinTS Bd<yto Live
MDCKII VinTApical Cyto Live
MDCKII VinTS FA Live

MDCK VinTSL045A FA Fix

MDCKII VInNFR97A AJ Fix

MDCKII VinF®97A Apical Cyto Live
MDCKII VIinF®97A Apical Cyto Live
MDCKII VinTS AJ Live

MDCK VinTFS1045A Apicaly® Fix
MDCK VinTFS1033A AJ Fix

MDCK VinF®97A AJ Fix

MDCK VinTS1045A Basal @yFix
MDCKVINTSS1045A FA Fix

MDCK VIinTFS1045A AJ Fix

MDCKII VInF®97A FA Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinT8822F Basal Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VinF®97A Apical Cyto Fix
MDCKII VInNFR97A FA Ki

MDCK VinTS1045A AJ Fix

MDCK VinTFS1045A FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCKII VInNFR97A AJ Live

MDCK VinTS1045A AJ Fix

MDCKII WWTS FA Fix

MDCKII VinTS FA Live

MDCK VinTFS1033A Apical Cyto Fix
MDCK VinT8822F FA&ix

MDCK VinTS1033A AJ Fix

MDCK VIinFS1045A AJ Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VIinF850I FA Fix

MDCK VinTS1033A Basal Cyto Fix
MDCKII VinF&501 AFix

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT897A Apical Cyto Live
MDCK VinTS1033A~A Fix

MDCK VinT8501 AJ Fix

MDCK VinT®97A Apical Cyto Live
MDCK VIinT®97A AJ Live

MDCK VinTS1045A FA Fix

MDCK VIinT®97A AJ Live

MDCK VinT850I AJ Fix

MDCKII VinF850I1 Apical Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCK VIinT®97A AJ Live

MDCK VinTS Apical Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCK VinT897A FA Live

MDCK VIinT®97A AJ Live

MDCK VinT8®97A Apical Cyto Fix
MDCK YhTSI997A Basal Cyto Fix
MDCK VinTS1033A Apal Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinT897A FA.ive

MDCK VinT®97A FA Fix

MDCK VinT897A FA Live
MDCKIVINTSA50 AJ Fix

MDCK VinT-8501 AJ Fix

MDCK VinTS Basal Cyto Live
MDCKII VinTS FA Fix

MDCK VinT8®97A Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
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MDCK VinTFS1045A FA Fix

MDCK VinFS1033A FA Fix
MDCKII VinTS Apical Cyto Live
MDCKII VInNF®97A AJ Live
MDCKII VinTS AJ Fix

MDCK VinFS1045A FA Fix

MDCK VIinTFS1045A AJ Fix

MDCK VinTF8822F Basal Cyto Fix
MDCK VIinTFS1045A AJ Fix
MDCKIVInTS Apical Cyto Fix
MDCK VinT®97A FA Live

MDCKII VInNF®97A FA Fix

MDCK VInF®97A FA Live

MDCK VinTF3822FApical Cyto Fix
MDCK VinTFS1045A FA Fix
MDCKII VinTS Apical Cyto Live
MDCK VinT®97A FA Live

MDCKII VinFR97AApical Cyto Fix
MDCKVINnTSS1045A AJ Fix

MDCK VinFS1033A AJ Fix
MDCKII VinF®97A Apical Cyto Fix
MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS Apical Cyto Fix
MDCKII VIinF®97A AJ Live

MDCK VinTS1045A Apical Cyto Fix
MDCK VinTFS1045A FA Fix
MDCKII VInNFR97A AJ Fix

MDCK VinTFS1045A Apical CytoxFi
MDCKII VinTS FA Live

MDCKII VinF8501 FA Fix

MDCK VinTF8822F AJ Fix

MDCKII VinFR97A FA Fix

MDCKII VinTS AJ Live

MDCK VinTF$822F FA Fix

MDCKII VinTS Basal Cyto Live
MDCKII VInFR97A Apical Cyto Fix
MDCK VIinFS1045A AJ Fix

MDCK \iTSS1045A Apical Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinTS FA Live

MDCK VinT850IAJ Fix

MDCK VinT®97A AJ Live
MDCKIVInTS Apical Cyto Fix
MDCKII VinFA50I Basal Cyto Fix
MDCK VinT-850I Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinT-850I Apical Cyto Fix
MDCK Vin&S1033A AJ Fix

MDCK VIinTF®97A FA Fix

MDCK VinT897A Basal Cyto Live
MDCK VIinT®97A AJ Fix

MDCKII VinTS Basal Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinT®97A FA Fix

MDCK VinT897A Apical Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinT8®97A Apical Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinT®97A Apical Cytbix
MDCK VinT897A Basal Cyto Live
MDCKVInTSA501 AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCKII VinF850 Apical Cyto Fix
MDCK VIinTF®97A AJ e

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT-850I Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinTS AJ Fix

MDCKII VinF8501 Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCKII VInF®97A AJ Live

MDCK VinTS1033A Basal Cyto Fix
MDCKVINTSS1045A FA Fix

MDCK VinT850I Apical Cyto Fix
MDCKII VInF®97A AJ Live

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinT850I Basal Cyto Fix
MDCK VinTS AJ Live
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MDCKII VinTS FA Live
MDCKIVINTSI997A AJ Fix

MDCK VinTFS1045A FA Fix

MDCK VinT8822F FA Fix

MDCKII VinTS Apical Clsioe
MDCKII VinTApical Cyto Live
MDCK VinTS1033A FA Fix
MDCKII VinTS AJ Live

MDCK VinF®97A AFix

MDCKII VIinF850I1 FA Fix

MDCK VinTS1033A FA Fix
MDCKII VinTS Basal Cyto Live
MDCK VinTS1045AApical Cyto Fix
MDCK VinF®97A FA Live
MDCKII VinTS FA Fix

MDCKII VinTS AJ Live

MDCK VinT8822F Apical CytaxF
MDCK VinTFS1045A AJ Fix
MDCKII VinTS FA Live

MDCK VinT850I FA Fix
MDCKVINnTSS1033A FA Fix

MDCK VinT38822F AJ Fix

MDCK \iTSY822F AJ Fix

MDCKII VinTS AJ Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VInF®97A FA Fix
MDCKII WTS AJ Fix

MDCKII VinTS Apical Cyto Live
MDCK VinTS1045A Apical Cyto Fix
MDCK VinTS1033A FA Fix
MDCKII VIinF8501 FA Fix

MDCKII VinTS Apical Cyto Live
MDCK VinTS1045A Apical Cyto Fix
MDCK VinT®97A FA Live

MDCK VinT850I FA Fix

MDCK VinT®97A AJ Fix

MDCKII VInNFR97A AJ Fix

MDCK VinTS1045A FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCKII VinTS FA Fix

MDCK VinTS1045A AJ Fix

MDX VIinT&\50I Basal Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VinTS AJ Live

MDCK VinT8501 AJ Fix

MDCK VinT®97AApical Cyto Live
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinT-850I Apical Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinT897A Apical Cyto Live
MDCK VinT850I Basal Cyto Fix
MDCK VinT®97A FA Live

MDCK VinFA50I Apical Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VinT850I AJ Fix

MDCK VinTS1045A Basal Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinT850I AJ Fix

MDCK VinT850I AJ Fix

MDCK VinTS1033A FA Fix

MDCK VinT850I1 FA Fix

MDCK VinT8®97A Basal Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCKII VIinF®97A Apical Cyto Live
MDCK VinT897A Basal Cyto Live
MDCK VinT850I Apical Cyto Fix
MDCK VinTS1033Masal Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCKII VinF8501 Apical Cyto Fix
MDCK VinT897A AJ Fix
MDCKVInTSA50I Basal Cyto Fix
MDCK VinT8501 BasaCyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK \ATSI997A Basal Cyto Live
MDCK VinT897A BasalCyto Live
MDCK VIinT®97A AJ Live

MDCK VinT-8501 FA Fix
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0.9975
0.9389
0.5569
0.987

0.701

0.7402
0.7099
0.7155
0.9998
0.1938
0.4946
0.8376
0.973

0.6185
0.9988
0.5385
0.9999
0.3338
0.948

0.1701
0.3149
0.7373
0.679

0.9926
0.9908
0.8812
0.9651
0.3082
0.6727
0.1349
0.1562
0.9846
0.2661
0.3409

0.04

0.9839
0.6173
0.6118
0.516

0.9789



MDCK VinT8822F FA Fix

MDCK VinTF38822F Apical Cyto Fix
MDCKII VinTS AJ Live

MDCK VinTFS1045A AJ Fix
MDCKII VInNFR97A AJ Fix

MDCKII VinTS FA Live

MDCKII VinTS AJ Live

MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Fix

MDCK VinTF38822F AJ Fix

MDCK VimSY822F AJ Fix

MDCKII VIinTS FA Fix

MDCKII VinTS Apical Cyto Live
MDCK VinF®97A FA Live

MDCK VinTBA Live

MDCK VinTF8822F Basal Cyto Fix
MDCKII VinTS FA Live

MDCK VinTS1045A Apical Cyto Fix
MDCK VIinTFS1033A-A Fix
MDCKII VInFR97A FA Live
MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Live

MDCKII VinTS Apicalt€iive
MDCK VinT8822F Apical Cyto Fix
MDCKIVINTSI997A FA Live
MDCK VinT850I FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCK VIinTF®97A FA Fix

MDCK VinFS1045A Apical Cyto Fix
MDCK VinT882F AJ Fix

MDCK VinTS1033A FA Fix
MDCK VinT8822F Basal Cyto Fix
MDCKII VinTS FA Live

MDCKII VinTEA Live

MDCKII VinTS AJ Live

MDCK VinT®97A FA Live

MDCK VinT8822F FA Fix

MDCKII VIinTS FA Fix

MDCK VinTS FA Live

MDCK VinTS1045AAJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCK VinT-850I Apical Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCK VinT8822F AJ Fix

MDCK VIinT®97A AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinT897A Apical Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinTS1033A FA Fix

MDCK VinT-850I Basal Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinTS AJ Fix

MDCK VinTS1033A Basal Cyto Fix
MDCK VinTS Basal Cyto Live
MDCK VinT897A Basal Cyto Live
MDCK VinT-850I Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinT897A Basal Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinT897A FA Live

MDCKII VinF850I Basal Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VinT®97A FA Fix

MDCK VinTS1033A AJ Fix

MDCK VIinT®97A AJ Live

MDCK VinTS Basal Cyto Fix
MDCK VinTS1033A AJ Fix

MDCK VinT897A Basal Cyto Live
MDCK VinT897A Apical Cyto Live
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCK VinTS Apical Cyto Live
MDCK VinTS Basal Cyto Fix
MDCK VinTB&pical Cyto Live
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0.9001
0.9752
0.1471
0.5238
0.8553
0.5703
0.9409
0.4265
0.964
0.4789
0.7102
0.9124
0.0894
0.1869
0.9996
0.2418
0.7547
0.5011
0.024
0.3435
0.5943
0.0367
0.0808
0.4185
0.3277
0.0036
0.9966
0.6633
0.4326

0.1175
0.0313
0.0672
0.162
0.3443
0.0351
0.320r
0.1744
0.9954
0.4271



MDCK VinT8822F Basal Cyto Fix
MDCK VinTFS1033A FAix

MDCKII VInNFR97A FA Live
MDCK VinTS FA Fix

MDCKII VInNFR97A AJ Fix

MDCKII VinTS FA Fix

MDCKII VinTS Basal Cyto Live
MDCKII VinTS FA Fix

MDCKII VinF®97A Apical Cyto Fix
MDCKII VINF®97A AJ Fix

MDCKII VinTS FA Live

MDCKII VinTApical Cyto Live
MDCK VinT8822F FA Fix

MDCKII VinTS FA Live

MDCKII VinTS FA Fix
MDCKIVINTSI997A FA Fix
MDCKII VInNFR97A FA Fix

MDCK VinTF38822F FA Fix

MDCKII VinTS FA Live

MDCK VinT38822MBasal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VinTS AJ Live

MDCKII VinF®97A Apical Cyto Fix
MDCKIVINTS FA Fix

MDCK VinTS1045A FA Fix
MDCKII VinTS FA Fix

MDCK VinT882F AJ Fix

MDCKII VinTS FA Fix

MDCK VinT8822F FA Fix

MDCKII VInF®97A FA Fix
MDCKII VinTS FA Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1033A FA Fix
MDCK VinT8822F FA Fix

MDCKII VInFR97A Apical Cyto Fix
MDCK VinTS1045A AJ Fix

MDCK VinT8822F FA Fix

MDCK VinT8822F Basal Cyto Fix
MDCKIVINTSI997A AJ Fix

MDCK VinT8822F Basal Cyto Fix

MDCK VinT8501 AJ Fix

MDCK VinT®97A AJ Fix

MDCKII VinF&50I Aical Cyto Fix
MDCK VinTAJ Live

MDCK VinT897A Apical Cyto Fix
MDCK VinT8822F Bsal Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinTS1045A Basal Cyto Fix
MDCKII VinF8501 Basal Cyto Fix
MDCKIVInTS Basal Cyto Fix
MDCK VinT850I FA Fix

MDCK VinT®97A Basal Cyto Fix
MDCK VinTS1033A Apical Cyto Fix
MDCK VinTS1033AAJ Fix

MDCK VinTS1033A Apical Cyto Fix
MDCKII VinF850I Basal Cyto Fix
MDCKII VIinF8501 AJ Fix

MDCK VinTS1045A Basal Cyfix
MDCK VinTS1033A FA Fix
MDCK VinT850I Apical Cyto Fix
MDCKII VinTS Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCKIVINTSA501 AJ Fix

MDCK VinT897A FA Fix

MDCK VinT897A Basal Cyto Fix
MDCKII VinTS AJ Live

MDCK VIinT®97A FA Live
MDCKII VinTS Apicayto Live
MDCK VinT8822F AJ Fix

MDCKII VIinF850I Apical Cyto Fix
MDCK VinTSL033A AJ Fix

MDCK VinT897A AJ Live

MDCK VinT897A Basal Cyto Fix
MDCK VinTS1033A AJ Fix
MDCKII VIinF850I Apical Cyto Fix
MDCK VinT897A Basal Cyteix
MDCK VinTS Basal Cyto Live
MDCK VinT897A Basal Cyto Live
MDII VinT&50I Basal Cyto Fix
MDCK VinT850! Basal Cyto Fix
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0.0387
0.5613
0.1093
0.9963
0.5063
0.47
0.4627
0.99

0.0203
0.3529
0.0115
0.1363
0.0567
0.022

0.8701
0.0803
0.0429
0.1247
0.0071
0.0071
0.2313
0.0659
0.0032
0.2751
0.661

0.1685
0.0036
0.1388
0.0084
0.0137
0.5525
0.0252
0.0263
0.0038
0.0011
0.5001
0.0427
0.0014
0.0004
0.0005



MDCK VIinTF®97A FA Fix

MDCK VinT38822F AJ Fix

MDCK VinT®97A FA Live

MDCK VinTFS1045A FA Fix
MDCK VinT8822F FA Fix
MDCKII VinTS FA Fix
MDCKVInTSI997A FA Fix

MDCKII VinTS FA Live

MDCK VinT$822F Ajgal Cyto Fix
MDCK VinTF38822F AJ Fix

MDCK VinT8822F Basal Cyto Fix
MDCK VinT8822F FA Fix
MDCKII VInNFR97A AJ Fix

MDCK VinT8822F FA Fix
MDCKII VinTEA Live

MDCK VinTFS1045A AJ Fix
MDCK VinTF8822F AJ Fix

MDCK VinT38822F AJ Fix

MDCK VinT8822F Apical Cyto Fix
MDCKII VIinTS FA Fix

MDCK VinTS FA Fix

MDCK YATS FA Live
MDCKVInTSY822F AJ Fix
MDCKII VinTS FA Live

MDCKII VinTS Api&yto Live
MDCKII VInF®97A AJ Fix
MDCKIVINnTS FA Live

MDCKII VinTS FA Live

MDCK VinT8822F AJ Fix

MDCK VinT8822F Apical Cyto Fix
MDCKII VinTEA Live

MDCKII VinTS FA Live

MDCKII VinTS FA Live

MDCKII VinTS FA Live
MDCKIVInTS FA Fix

MDCKII VinTS FA Live

MDCK VinTFS1045A Apical Cyto Fix
MDCK VIinT®97A FA Fix

MDCK \ATSI997A FA Fix

MDCKII VinTS AJ Live

MDCK VinT897A Apical Cyto Live
MDCK VIinT®97A AJ Live

MDCK VinT897A Apical Cyto Fix
MDCK VinT®97A AJ Fix

MDCK VinTS AJ Fix

MDCK VinT®97A FA Live

MDCK VinT8501 AJ Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinTS1033A Basal Cyto Fix
MDCK VinT®97A FA Fix

MDCK VIinT®97A AJ Fix

MDCK VinT850I FA Fix

MDCKII VInE8501 AJ Fix

MDCK VinTS1033A FA Fix

MDCK VIinT®97A AJ Live

MDCK YhTSI997A AJ Fix

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinT897A Apical Cyto Live
MDCKIVIinTS Basal Cyto Live
MDCK VinTS AJ Fix

MDCK VinTS Basal Cyto Live
MDCK VinT8501 AJ Fix

MDCK VinT-8501 AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCHI VinTSA50I Apical Cyto Fix
MDCK VIinT®97A FA Live

MDCKII VinTS Apical Cyto Live
MDCK VinT-850I Apical Cyto Fix
MDCK ViiSA50I AJ Fix

MDCK VinT-850I Apical Cyto Fix
MDCKII VinTS AJ Live

MDCK VinTS Apicalt@ Fix

MDCK VinT8822F Basal Cyto Fix
MDCKVInTSI997A AJ Live

MDCK VinT®97A Apical Cyto Live
MDCK VinT®97A Basal Cytax~
MDCK VinT850I Apical Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinT®97A Apical Cyto Fix
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0.0166
0.0002
0.0743
0.8726
0.8576
0.0536
0.0201
0.0107
0.0064
0.011

0.0519
0.0001
<.0001
0.0001
<.0001
0.765

<.0001
<.0001
0.0016
0.0173
0.8044
0.0245
<.0001
<.0001
0.0142
<.0001
<.0001
<.0001
<.0001
0.0011
<.0001
<.0001
0.5862
<.0001
0.0113
<.0001
0.3914
0.0016
0.0004
0.0039



MDCKII VinTS FA Live

MDCKII VinTS FA Live

MDCKII VinF®97A FA Live

MDCK VinTF8822F Basal Cyto Fix
MDCK VinTF3822F FA Fix

MDCK VIinF®97A FA Fix

MDCK VinTF3822F A Fix

MDCK VinTF38822F FA Fix

MDCK VinFS1045A FA Fix
MDCK \ATSY822F Apical Cyto Fix
MDCKVInTSS1033 FA Fix

MDCK VinTF3822F FA Fix

MDCK VinTF3822F FA Fix

MDCKII VinTS FA Fix
MDCKVInTSY822F FA Fix

MDCKII VinTS FA Fix

MDCKII VinTS FA Fix

MDCK VinT3822F ABix
MDCKIVInTS FA Live

MDCKII VinTS FA Fix

MDCK VinTF38822F AJ Fix

MDCK VinTF38822F FA Fix

MDCK VinT8822F Apical Cyto Fix
MDCK VinT®97A FA Fix

MDCK VinFS1045A AJ Fix
MDCKII VInF®97A FA Live
MDCKII VinTS FA Fix

MDCKII VinTS FA Live

MDCKII VInF®97A FA Fix
MDCKVINnTSY822F FA Fix

MDCK VinTS FA Live

MDCKII VInF®97A FA Fix

MDCK VinTF3822F FA Fix

MDCKII VinTS FA Live

MDCK VinTF8822F Apical Cyto Fix
MDCK VinTS FA Fix

MDCK VinFR97A FA Fix

MDCK VinTS1045A Apical Cyto Fix
MDCKII VinTS FA Live

MDCK VinFY822F FA Fix

MDCK VinTS1033A Basal Cyto Fix
MDCKII VinTS Basal Cyto Live
MDCKII VIinF®97A Basal Cyto Fix
MDCK VinT®97A Basal Cyto Fix
MDCK VIinT®97A AJ Live

MDCK VinT®97A AJ Fix

MDCK VinT850I AJ Fix

MDCK VinT850I Apical Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinT850I Apical Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinT®97A Apical Cyto Live
MDCK VinT8822F Apical Cyto Fix
MDCK VinT8501 AJ Fix

MDCK VIinF®97A FA Live

MDCK VinTS1033A Basal Cyto Fix
MDCK VinT897A Apical Cyto Live
MDCK VinT897A Basal Cyto Live
MDCK VinT-850IBasal Cyto Fix
MDCKII VinTS AJ Fix

MDCK VinT-850I Basal Cyto Fix
MDCK VinTS103A Basal Cyto Fix
MDCK VinT897A BasaCyto Live
MDCK VinT-850I Basal Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCKII VIinFT®97A Basal Cyto Live
MDCK VinT850I Aptal Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCKII VinF®97A Basal Cyto Fix
MDCK VinT-850I Basal Cyto Fix
MDCK VinTS Apical C{ix

MDCKII VInF®97A Basal Cyto Live
MDCK VinT8822F Basal Cyto Fix
MDCK VimSI997A FA Fix

MDCK VinT850I Basal CgtFix
MDCK VinTS Apical Cyto Live
MDCK VinT®97A Basal Cyto Fix
MDCK VifSI997A AJ Fix

MDCKII VinTS AJ Fix

MDCK VinT897A Basal Cyto Live
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<.0001
<.0001
0.0004
0.0004
<.0001
0.0057
<.0001
<.0001
0.3996
0.0001
0.0022
<.0001
<0001
0.003

<.0001
0.0006
0.0009
<.0001
<.0001
0.0015
<.0001
<.0001
<.0001
<.0001
0.2053
<.0001
0.0007
<.0001
<.0001
<.0001
0.0832
<.0001
<.0001
<.0001
<.0001
0.1404
<.0001
0.3667
<.0001
<.0001



MDCKII VinTS FA Fix
MDCKII VinTBA Fix

MDCK VinT81045A Apical Cyto Fix

MDCKII WWTS FA Fix

MDCKII VinTS FA Live

MDCK VinT38822F Basal Cyto Fix
MDCK VinT8822F Apical Cyto Fix
MDCKII Ving FA Live

MDCK VinT8822F Apical Cyto Fix
MDCK VinT8822F FA Fix

MDCK VinTF3822F FA Fix

MDCK VinT8822F AJ¥

MDCK VinTS FA Fix

MDCK VinF®97A FA Fix

MDCKII VinTSAH-ix

MDCKII VinTS FA Live

MDCKII VinTS FA Fix

MDCK VinTS FA Live

MDCK VinTF38822F AJ Fix

MDCK VinT8822F FA Fix
MDCKIVInTS FA Live

MDCK VinT8822F Apical Cyto Fix
MDCK VinTF3822F FA Fix

MDCK VinTS FA Fix

MDCKII VinTS FA Fix

MDCKII VinTS FA Live

MDCK VinTF8822F AJ Fix

MDCKII VinTS FA Fix

MDCKII VinTS FA Live

MDCK VinT8822F FA Fix

MDCK VinTF3822F FA Fix

MDCK VinTS FA Fix

Results of Tukey HSD:

Level 1
VIinTSI997A,AJ

MDCKII VinTS Apical Cyto Fix
MDCK VinT850I Basal Cyto Fix
MDCK VinT897A Apical Cyto Fix
MDCK VinT897A Basal Cyto Live
MDCK VinTS Basal Cyto Fix
MDCK VIinT®97A Apical Cyto Fix
MDCK VIinT®97A AJ Fix

MDCKII VinTS Apical Cyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCK VinT®97A FA Fix

MDCK VinT®97A Basal Cyto Fix
MDCK VinTBasal Cyto Live
MDCK VIinT®97A Apical Cyto Fix
MDCK VIinT®97A AJ Fix

MDCK VIinT®97A BasaCyto Fix
MDCK VinT897A Basal Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK VIinT®97A AFix

MDCK VinT®97A Basal Cyto Fix
MDCKII VinTBasal Cyto Fix
MDCK VIinT®97A Apical Cyto Fix
MDCK VinTS Basal Cyto Fix
MDCK VinTS Apical Cyto Fix
MDCKII VinTS Basal Cyiw

MDCK VinT897A AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCK VinT8®97A Apical Cyto Fix
MDCK VinT®97A Apial Cyto Fix
MDCK VinT897A AJ Fix

MDCK VinT897A Apical Cyto Fix
MDCK VinTS Ba<Cyto Fix

Level 2
VIinTS,AJ
220

p-Value
<.0001

<.0001
<.0001
0.1854
<.0001
0.0462
<0001
<.0001
<.0001
<.0001
0.0117
<.0001
<.0001
0.002

<.0001
<.0001
<.0001
<.0001
0.0004
<.0001
<.0001
<.0001
<.0001
0.0002
0.0003
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

4.7.5 Post-hoc testing of VInTS FRET efficiency imaged with confocal



<.0001
0.0029

VinTSI997A AJ
VIinTSI997A,Cyto
VinTSI997A,Cyto
VinTSI997A,AJ
VinTS,Cyto

VinTS,Cyto
VinTS,Al
VinTS,Qp 0.0044
VinTSI997A,Cyto 0.6751
VinTS,AJ 1

4.7.6 Post-hoc testing of FLIP analysis

Quantification numbers:

Cell Type Construct Date

MDCKII
MDCKII
MDCKII
MDCKII
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK

VinTS
VinTS
VinTSI997A
ViNTSI997A
VinTS
VinTS
VinTS
VinTSI997A
VinTSI997A
VinTSI997A

10/13/2019
10/24/2019
10/13/2019
10/24/2019
8/22/2019
8/26/2019
9/6/2019
8/22/2019
8/26/2019
9/6/2019

Results of Tukey HSD for FLIP Half-Time:

Level 2

MDCKII VinTS
MDCK VIinT®97A
MDCKIVIinT9997A
MDCKII VinTS 0.6881
MDCKII VinTS 0.69
MDCK VIinTT®97A 1

p-Value
0.0018
0.0172
0.0285

Level 1

MDCK VinTS
MDCK VinTS
MDCK VinTS
MDCKII VINF®97A
MDCK Vin®97A
MDCKII VINF®97A

Results of Tukey HSD for Norm. Fluor escence at 250s:

Level 1 Level 2 p-Value
MDCK VinTS MDCKII VinTS 0.0009
MDCK VifS MDCK VinT-®97A 0.0078
MDCK VinTS MDCKII VIinF®97A 0.0164
MDCKII VInF®97A MDCKII VinTS 0.6756
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MDCK VinF®97A  MDCKII VinTS
MDCKII VINF®97A MDCK VInT®97A

4.7.7 Post-hoc testing of VinTS FRET efficiency in single MDCK cells

Quantification numbers:

CellType Construct
MDCKII VinTS
MDCKIIl VinTS
MDCKII  VinTSI997A
MDCKIl VinTSI997A
MDCK  VinTS
MDCK  VinTS
MDCK  VinTSI997A
MDCK  VIinTSI997A

Results of SteelDwass:

Level 1

MDCK Cyto VIinTS
MDCK FA VInTS
MDCK Cyto VinTIS97A
MDCK Cyto VinTS
MDCK FA VIinTIS97A
MDCK FA VinTI897A
MDCKII FA VIinTIS97A
MDCK Cyto VinfIS97A
MDCKII Cyto VIinTIS97A
MDCK FA VinTI897A
MDCK Cyto VinTS
MDCK Cyto VinfIS97A
MDCK Cyto VinTIS97A
MDCK FA/INTS

MDCK FA VinTIS97A
MDCK Cyto VinfIS97A
MDCKII FA VIinTS97A
MDCK Cyto VinTS

Structure Dates Cells

FA
Cyto
FA
Cyto
FA
Cyto
FA
Cyto

W W wwwwwow

Level 2
MDCKII FA VinTS
MDCKII FA VInTS
MDCKII FA VinTS
MDCKII FA VinTI$97A
MDCKIIl FAInTS
MDCK FA VIinTS
MDCKII FA VinTS
MDCKII FA VinTI$97A
MDCKII Cyto VinTS
MDCKII FA VinTI$97A
MDCKII Cyto VinTS
MDCKII Cyto VinTS
MDCK Cyto VIinTS
MDCKII FA VinTI$97A
MDCKII Cyto VIinTS
MDCKII Cyto VIrgI997A
MDCKII Cyto VIinTS
MDCKII Cyto VinTIS97A
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0.7056
0.9997

34
34
32
32
72
72
47
47

p-Value
<.0001
<.0001
<0001
<.0001
<.0001
0.0009
<.0001
<.0001
0.0275
0.1588
0.9625
0.9203
1
0.9797
0.6174
0.2031
0.0189
0.0449



223

MDCK FA/INTSI997A MDCK Cyto VinTIS97A 0.0093
MDCK FA VIr8I997A MDCK Cyto VinTS 0.0027
MDCKII FA VinT$97A MDCKII Cyto VinTIS97A <.0001
MDCK FA VinTIS897A MDCKII Cyto VinTIS97A <.0001
MDCK FA VIinTS MDCKII Cyto VinTS 0.0001
MDCKII FA VinTS MDCKII Cyto VinTS <.0001
MDCKIIl FA VinTS MDCKII Cyto VinTI$97A <.0001
MDCK FA VIinTS MDCK Cyto VinTIS897A <.0001
MDCK FA VIinTS MDCKII CytvinTSI997A <.0001
MDCK FA VIinTS MDCK Cyto VinTS <.0001
4.7.8 Post-hoc testing of VInCS FRET efficiency
Results of SteelDwass:
Level 1 Level 2 p-Value
MDCKII Basal Cyto  MDCKFA <.0001
MDCKII Apical Cyto MDCK FA <.0001
MDCKII AJ MDCK FA <.0001
MDCKII FA MDCK FA <.0001
MDCK Basal Cyto MDCK AJ <.0001
MDCKII Apical Cyto MDCK AJ <.0001
MDCK Apical Cyto MDCK AJ <.0001
MDCKII AJ MDCK AJ <.0001
MDCKII Apical Cyto  MDCKII AJ 0.066
MDCKII Basal Cyto MDCK AJ 0.1636
MDCKII Apical Cyto MDCK Apical Cyto 0.3909
MDCKII Apical Cyto MDCK Basal Cyto 0.975
MDCK Basal Cyto MDCK Apical Cyto 0.9956
MDCKII AJ MDCK Apical Cyto 0.9977
MDCKII Basal Cyto  MDCKII AJ 0.9386
MDCKII AJ MDCK Bas&yto 0.8622
MDCKII Basal Cyto MDCK Apical Cyto 0.5358
MDCKII Basal Cyto MDCK Bsal Cyto 0.307
MDCKII Basal Cyto  MDCKII Apical Cyto  0.0307
MDCKII FA MDCK AJ <.0001
MDCKII FA MDCKII Basal Cyto <.0001
MDCKII FA MDCKII AJ <.0001
MDCKII FA MDCKII Apicalyto <.0001



MDCKII FA MDCK Apical Cyto  <.0001
MDCKII FA MDCK Basal Cyto  <.0001
MDCK FA MDCK AJ <.0001
MDCK FA MDCK Apical Cyto  <.0001
MDCK FA MDCK Basal Cyto  <.0001

4.7.9 Post-hoc testing of VInTS FRET efficiency following Bleb and

LatA treatments

Quantif ication numbers:

CellType Structure Date None Bleb LatA
MDCK  FA 8/24/2019 14 13 20
MDCK  FA 8/28/2019 16 6 12
MDCK  Basal cyto 8/24/2019 14 13 20
MDCK  Basal cyto 8/28/2019 16 6 12
MDCK AJ 8/24/2019 14 17 11
MDCK AJ 8/28/2019 13 11 13
MDCK  Apical cyto 8/24/2019 18 26 16
MDCK  Apical cyto 8/28/2019 17 17 17
MDCKIl FA 10/4/2019 12 9 13
MDCKIl FA 10/6/2019 14 6 10
MDCKIl Basal cyto 10/4/2019 12 9 13
MDCKIl Basal cyto 10/6/2019 14 6 10
MDCKIl AJ 10/4/2019 15 15 13
MDCKIl AJ 10/6/2019 14 12 8
MDCKIl Apical cyto 10/4/2019 15 15 15
MDCKII Apical cyto 10/6/2019 15 16 12
Results of SteetDwass:
Level 1 Level 2 p-Value
MDCK Apical cyto Bleb MDCK AJ None <.0001
MDCK Apical cyto Bleb MDCK AJ LatA <.0001
MDCKII Apical cyto Bleb MDCK FA LatA <.0001
MDCKII Apical cyto Bleb MDCK FA None <.0001
MDCKII Apical cyto Bleb MDCK Apical cytdone 0.0001
MDCKII AJ Bleb MDCK FA LatA <.0001
MDCKII Apical cyto Bleb MDCK Basal cyto None  0.0001
MDCKII AJ Bleb MDCK FA None <.0001
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MDCKII Apical cyto Bleb
MDCKII Basal cyto Bleb
MDCKII Apical cyto Bleb
MDCKII Basal cyto Bleb
MDCKII Apical cyto Bleb
MDCKII Basal cyto None
MDCKIBasal cyto Bleb
MDCKII Apical cyto Bleb
MDCKII AJ Bleb

MDCK Basal cyto Bleb
MDCKII Basal cyto Bleb
MDCKII AJ Bleb

MDCKII Basal cyto Bleb
MDII Apical cyto None
MDCKII Basal cyto None
MDCK Basal cyto Bleb
MDCKII AJ Bleb

MDCKII Agial cyto Bleb
MDCKII Basal cyto Bleb
MDCK Apical cyto LatA
MDCKII FA Bleb
MDCKII Basal cyto Bleb
MDCK Basal cyto LatA
MDCKII Apical cyto Bleb
MDCKII Apical cyto None
MDCKII Basal cyto Bleb
MDCKII FA Bleb
MDCKII AJ Bleb

MDCKII Basal cyto Bleb
MDCKII Basal cyto Bleb
MDCKII Apicalyto Bleb
MDCKII Basal cyto Bleb
MDCKII Basal cyto LatA
MDCKII Basal cyto Bleb
MDCKII ABleb

MDCKII AJ None
MDCKII AJ Bleb

MDCKII Basal cyto LatA
MDCK Basal cyto Bleb
MDCKII Basal cyto None

MDCK AJ None

MDCK FA LatA

MDCK Bsal cyto LatA
MDCK Apical cyto None
MDCKII AJ LatA

MDCK FA LatA

MDCK FA None

MDCK Apical cyto LatA
MDCK Apical cyto None
MDCK Apical cyto None
MDCK Basal cyto LatA
MDCK Basal cyto None
MDCK Basal cyto None
MDCK FA LatA

MDCK FA None

MDCK AJ None

MDCK AJ None

MDCK AJ LatA

MDCK Apical cyto LatA
MDCK AJ None

MDCK FA LatA

MDCKII Apical cyto LatA
MDCK AJ None
MDCKII AJ None

MD FA None

MDCK AJ None

MDCK FA None

MDCK Basal cyto LatA
MDCKII ANlone

MDCKII Apical cyto None
MDCK FA Bleb

MDCK AJ LatA

MDCK FA LatA

MDCKII AJ LatA

MDCK AJ LatA

MDCK FA LatA

MDCK Ajzal cyto LatA
MDCK FA None

MDCK AJ LatA

MDCK Apical cyto None

225

0.0001
<.0001
0.0004
0.0004
0.0002
0.0005
0.0002
0.0024
0.0026
0.0015
0.0006
0.0012
0.0004
0.0035
0.0015
0.0003
0.0013
0.0019
0.0021
0.0044
0.0024
0.0005
0.0076
0.0098
0.0108
0.001

0.0027
0.0109
0.0053
0.0089
0.0148
0.002

0.0326
0.0011

0.02

0.0674
0.0694
0.0422
0.0136
0.1331



MDCKII Basalto None
MDCKII AJ None

MDCK Basal aytBleb
MDCKII Basal cyto Bleb
MDCKII Basal cyto None
MDCKII Basal cyto None
MDCKII FA Bleb
MDCKII Basal cyto None
MDCKII Apical cyto LatA
MDCKII Basal cyto Bleb
MDCKII AJ Bleb

MDCK Apical cyto Bleb
MDCKII Apical cyto LatA
MDCKII FA None

MDCK Basal cyto LatA
MDCKII FA Bleb
MDCKII Basal cyto None
MDCKII Basal cyto None
MDCKII Apical cyto None
MDCKII Basal cytdone
MDCKII Basal cyto None
MDCK FA Bleb

MDCKII FANone

MDCKII FA Bleb

MDCK Apical cyto None
MDCKII Apical cytdone
MDCKII Basal cyto Bleb
MDCKII Basal cyto Bleb
MDCKII FA None
MDCKII Basayto None
MDCKII Basal cyto LatA
MDCKII Basal cyto None
MDCKII Basal cyto LatA
MDCK FA&Bleb

MDCKII Basal cyto None
MDCK FA Bleb

MDCKII AJ None
MDCKII FA Bleb
MDCKII Apical cyto None
MDCKII Apical cyto None

MDCK AJ None

MDCK FA None

MDCK Apical cyto LatA
MDCK FA Bleb

MDCK Basal cyto None
MDCKII AJ LatA

MDCK AJ None
MDCKII Apical cytoatA
MDCK FA LatA

MDCK AJ Bleb

MDCK FA Bleb

MDCK AJ Bleb

MDCK FA None
MDCKII FA LatA

MDCK Apical cyto None
MDCKII AJ LatA

MDCK AJ LatA

MDCK Basalyto LatA
MDCKII AJ LatA

MDCK Apical cyto LatA
MDCKII AJ None
MDCK AJ None

MDCK FA None

MDCK Amial cyto None
MDCK AJ None

MDCK AJ None
MDCKII AJ Bleb

MDCK Basal cyto Bleb
MDCK FA LatA

MDCKII Basal cyto LatA
MDCKII AJ LatA
MDCKII Apical cyto None
MDCK AJ None

MDCK Basal cyto None
MDCK FBleb

MDCK Apical cyto None
MDCKII AlatA

MDCKII Apical cyto LatA
MDCKII Apical cyto LatA
MDCK Apical cyto None
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0.0629
0.1187
0.099
0.0034
0.1182
0.0517
0.0525
0.1202
0.2812
0.1717
0.1767
0.6205
0.3501
0.2598
0.6235
0.115
0.3599
0.5311
0.4638
0.619
0.5661
0.4284
0.6971
0.77
0.8157
0.7574
0.5556
0.2828
0.8021
0.6806
0.64
0.8206
0.8291
0.878
0.8098
0.9537
0.9134
0.8931
0.9822
0.9934



MDCHI FA Bleb

MDCK Basal cyto None
MDCKII AJ LatA
MDCKII Apical cyto None
MDCKII Basal cyto Bleb
MDCK Apical cyto LatA
MDCKII Apical cyto Bleb
MDCK Basal cyto LatA
MDCKII FA Bleb
MDCKII Apical cyto Bleb
MDCKII AJ LatA
MDCKII Apical cyto Bleb
MDCKII AJ None

MDCK FA Bleb

MDCKII Basal cyto LatA
MDCKII Basal cyto Bleb
MDCKII Apical cyto LatA
MDCKII Basal ayt_atA
MDCKII Basal cyto LatA
MDCKII FA None
MDCKII Apical cyto None
MDCKII AJ None
MDCKII FA Bleb
MDCKII Apical cyto LatA
MDCKII Basal cyto LatA
MDCKII FA None
MDCKII ANlone

MDCKII Apical cyto None
MDCKII FA Bleb
MDCKII FA Bleb
MDCKII Basalto None
MDCK FA Bleb

MDCKII FBleb

MDCK FA Bleb

MDCK Basal cyto None
MDCK FA None

MDCKII Basal cyto None
MDCKII AJ Bleb

MDCKII Basal cyto None
MDCKII AJ None

MDCK Basal cyto None
MDCK AJ None

MDCK FA LatA

MDCK Basal cytdone
MDCK Apical cyto Bleb
MDCK AJ t&

MDCK AJ Bleb
MDCKAJ LatA

MDCK AJ LatA

MDCK Basal cyto Bleb
MDCK FA None
MDCKII ABleb

MDCK AJ None

MDCK AJ LatA

MDCKII Apical cyto LatA
MDCKII Apical cyto Bleb
MDCKII AJ LatA

MDCK Apical cyto None
MDCK Basal cyto None
MDCKII AJ LatA

MDCK AJ LatA

MDCK Basal cyto None
MDCKII AJ None

MD& AJ None

MDCK AJ LatA

MDCK AJ None

MDCK Apical cyto None
MDCKII AJ None
MDCK Apical cyto LatA
MDCK Basal cyto LatA
MDCK Basal cyto Bleb
MDCK Basal cyto LatA
MDCKII Basal cyto LatA
MDCK Apical cyto LatA
MDCK Apical cyto None
MDCK FA LatA

MDCK ABleb

MDCK Basal cyto Bleb
MDCKII ABleb

MDCK AJ LatA
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0.9712
0.9871
0.9847
0.9925
0.9987
0.9936
0.9948
0.994

0.9597
0.9922
0.9935
0.9976
0.9987
0.9965
0.9991
0.9993
0.9996
0.9999
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MDCKII FA Bleb
MDCKII Apical cyto None
MDCKII Basal cyto LatA
MDCKIl Apical cyto None
MDCKII FA Bleb

MDCK Bsal cyto LatA
MDCKII FA None
MDCKII Apical cyto None
MDCKII FA None
MDCKII AJ Bbe

MDCKII FA None
MDCKII Basal cyto LatA
MDCKII Basal cyto LatA
MDCKII Basal cyto None
MDCKII Apical cyto Bleb
MDCK Basal aytNone
MDCKII Basal cyto LatA
MDCKII Apal cyto LatA
MDCKII FA None
MDCKII Basal cyto LatA
MDCKII Apical cyto LatA
MDCKIAJ None

MDCKII AJ LatA

MDCK Basal cyto Bleb
MDCK Apical cyto None
MDCKII AJ None
MDCKII AJ None
MDCKII Apical cyto LatA
MDCKIFA None

MDCKII Basal cyto None
MDCKII A None

MDCKII Basal cyto None
MDCKII Apical cyto LatA
MDCKII FA None
MDCKII FAone

MDCKII FA None
MDCKII FAone

MDCKII FA None

MDCK Basal cyto None
MDCKII FA Bleb

MDCKII Apical cyto None
MDCK Basal cyto LatA
MDCKII AJ None

MDCK Apical cyto LatA
MDCK FA Bleb

MDCK Apical cyto LatA
MDCKII Apical cyto LatA
MDCK FA Bleb

MDCK Apical cyto None
MDCK AJ Bleb

MDCK Basal cyto None
MDCK FA Bleb

MDCK Basal cyto LatA
MDCKII Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK AJ LatA

MDCK Apical cyto LatA
MDCK Basal cyto None
MDCK AJ LatA

MDCKII Apical cyto None
MDCK Apical cyto None
MDCK FA Bleb

MDCK AJ None

MDCK A Bleb

MDCK AJ LatA

MDCK Basal cyto LatA
MDCK Apical cyto LatA
MDCK AJ LatA

MDCKII AJ None

MDCK Apical cyto Bleb
MDCKII Basal cyto LatA
MDCKII Basal cyto Bleb
MDCKII AJ None

MDCK FA Bleb

MDCK Apical cyto LatA
MDCKII FA Bleb

MDCK Basal cyto LatA
MDCKII Apical cyto None
MDCK Apical cyto LatA
MDCKII Basal cyto None
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1
0.9999
1
0.9998
0.9999
0.997
0.9996
0.9988
0.9995
0.9889



MDCKII FA Bleb
MDCKII AJ LatA
MDCKII FA LatA
MDCKII Apical cyto LatA
MDCKII FA LatA
MDCKII FA Bleb
MDCKII Aigal cyto LatA
MDCK Basal cyto None
MDCKII AJ Bleb

MDCK FA Bleb

MDCKII AJ LatA
MDCKII AJ LatA
MDCKII Apical cyto None
MDCKII Apical cyto LatA
MDCKII Basal cyto LatA
MDCKII AJ LatA
MDCKII FA Bleb

MDCK Apicalyto None
MDCKII FA LatA
MDCKAJ None

MDCKII Apical cyto None
MDCKII Basal cyto LatA
MDCKII AJ None

MDCK Basd cyto Bleb
MDCKII FA Bleb

MDII FA Bleb

MDCKII FA None
MDCKII FA None

MDCK FA None
MDCKIAJ None

MDCKII FA LatA
MDCKII FA None

MDCK Basal cyto LatA
MDCK FA LatA

MDCK FA None

MDCKII Basal cyto LatA
MDCKII FA LatA
MDCKII FA LatA
MDCKII FA LatA
MDCKII FA LatA

MDCK Basal cyto Bleb
MDCK Basal cyto Ne
MDCK FA None

MDCK FA Bleb

MDCK FA LatA

MDCKII AJ Bleb

MDCK Apical cyto LatA
MDCK Basal cylatA
MDCK Apical cyto Bleb
MDCK Basal cyto Bleb
MDCK AJ LatA

MDCK Apical cyto None
MDCK Basal cyto Bleb
MDCK Basal cyto LatA
MDCK Basal cyto Bleb
MDCK FA Bleb

MDCKII Basal cyto Bleb
MDCK Apical cyto LatA
MDCKII AJ LatA

MDCK AJ LatA

MDCKII AJ Bleb
MDCKII AJ Bleb

MDCK Basal cyto Bleb
MDCK Apical cyto Bleb
MDCK AJ Bleb

MDCKII Apical cyto Bleb
MDCKII Basal cyto None
MDCK Basal cyto Bleb
MDCK AJ None
MDCKII AJ Bleb

MDCK FA Bleb

MDCKII AJ Bleb

MDCK Basal cyto Bleb
MDCK FA Bleb

MDCK FA Bleb

MDCKII Bad cyto Bleb
MDCKII Apical cyto LatA
MDCKII Basal cyto LatA
MDCKII FA Bleb
MDCKII ABlone
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0.9216
0.9687
0.9707
0.9314
0.9457
0.793

0.9271
0.901

0.9556
0.4124
0.593

0.7934
0.6656
0.7735
0.433

0.3635
0.055

0.7199
0.2601
0.3121
0.4208
0.2831
0.2464
0.6127
0.1835
0.2378
0.177

0.0947
0.2292
0.1019
0.0076
0.0368
0.0416
0.0416
0.0279
0.0031
0.0189
0.0081
0.0021
0.0207



MDCK FA None
MDCKII AJ LatA
MDCKII AJ LatA
MDCKII Apical cytdone
MDCKII Apical cyto LatA
MDCKII AJ LatA
MDCKII Basal cyto LatA
MDCK A LatA

MDCKII Apical cyto None
MDCKII Basal cyto LatA
MDCKII FA LatA
MDCKII FA None
MDCK Basal cyto Nen
MDCKII FA LatA
MDCKFA LatA

MDCK FA Bleb

MDCKII AJ LatA
MDCKII FA LatA
MDCKII Apical cyto LatA
MDCKII FA LatA
MDCKII FA LatA
MDCKII FA LatA
MDCKII AJ None
MDCK FA None
MDCKII FA None
MDCKII FA None
MDCKII FA LatA
MDCKII FA Bleb

MDCK FA LatA

MDCK FA None
MDCKII FA LatA
MDCKII Apical ty LatA
MDCK FA None

MDCK FA LatA

MDCK AJ LatA

MDCK Apical cyto LatA
MDCKII FA LatA

MDCK FA itA

MDCKII AJ LatA
MDCKII FA Lat

MDCK Basal cyto None
MDCK Bada&yto LatA
MDCK Apical cyto LatA
MDCK AJ Bleb

MDCK Basal cyto Bleb
MDCK Basal cyto Bleb
MDCK AJ Bleb

MDCK Basal cyto None
MDCKII Apical cyto Ble
MDCKII Apical cyto Bleb
MDCK Basal cyto None
MDCKII Basal cyto Bleb
MDCK Basal cyto Bleb
MDCKII Basal cyto Bleb
MDCK AJ None

MDCK AJ Bleb

MDCKII AJ Bleb

MDCK AJ None

MDCKII AJ Bie

MDCKII Apical cyto None
MDCK Basalyto Bleb
MDCKII Basal cyto None
MDCK AJ Bleb

MDCK AJ LatA

MDCKII Apical cyto Bleb
MDCK AJ Bleb

MDCK AJ LatA

MDCK Apical cyto Bleb
MDCK AJ LatA

MDCK Apical cyto None
MDCKII AJ Bleb
MDCKII Apical cyto Bleb
MDCK Basal cyto Bleb
MDCK Basal cyto Bleb
MDCK AJ Bleb

MDCK AJ Bleb

MDCK Apical cyto None
MDCK Apical cyto None
MDCK AJ Bleb

MDCK Basal cyto LatA
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0.0465
0.0275
0.027
0.0296
0.0062
0.0012
0.0092
0.0353
0.0314
0.0142
0.0113
0.0014
0.0052
0.0003
0.0131
0.0022
0.0021
0.0017
0.0031
0.0025
<.0001
0.0005
0.0021
0.0013
0.0017
0.0008
0.0001
0.0091
0.0005
0.0018
<.0001
0.0003
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
<.0001



4.7.10

MDCKII Apical cyto LatA
MDCKII FA LatA
MDCKII FA LatA
MDCKIFA LatA

MDCKII Apical cyto None
MDCK FA Bleb

MDCK Basal cyto LatA
MDCK FA None

MDCK FA None

MDCKII Basal cyto LatA
MDCK Basal cyto None
MDCK AJ None

MDCK FA LatA

MDCKII AJ None
MDCK FA LatA

MDCK Apical cyto None
MDCKII FA None
MDCK FA None

MDCK FA LatA

MDCKII AJ LatA

MDCK Apical cyto LatA
MDCKII Apical cyto LatA
MDCKII FA LatA

MDCK Basal cyto LatA
MDCK Basal cyto None
MDCK FA None

MDCK Apical ¢y None
MDCK FA LatA

Post-hoc testing of phosphorylation inhibitor-treated

VinTS

Quantification numbers:

MDCK AJ Bleb

MDCK Apical cyto LatA
MDCKII Apical cyto Bleb
MDCK AJ Bleb

MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK AJ Bleb

MDCK Basal cyto LatA
MDCK Apical cyto LatA
MDCK Apical cyto Bleb
MDCK AJ 8b

MDCK AJ Bleb

MDCK Basal cyto LatA
MDCK Apical cyto Bleb
MDCK Apical cyto LatA
MDCK AJ Bleb

MDCK Apical cyto Bleb
MDCK AJ Bleb

MDCK AJ Bleb

MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK Apical cgtBleb
MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK Apical cyto Bleb
MDCK Apical cyto Bleb

Structure Date DMSO PP2 Imatinib
FA 2/7/2020 12 14 14
FA 2/9/2020 13 11 9
Basal Cyto 2/7/2020 12 14 14
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<.0001
<.0001
<.0001
<.0001
0.0002
0.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001

Gouml
6983

12
11
12



Basal Cyto 2/9/2020
AJ 2/7/2020
AJd 2/9/2020
Apical Cyto 2/7/2020
Apical Cyto 2/9/2020

Results of SteelDwass:

Level 1
AJ Gouml 6983

Basal Cyto Gouml| 6983
Basal Cyto Gouml| 6983
FA Gouml 6983

FA Goum6983

Basal Cyto Gouml| 6983
FA Gouml 6983

FA Gouml 6983

AJ Gouml 6983

Apical Cyto Gouml| 6983
Apical Cyto Gouml 6983
FA ®uml 6983

Basal Cyto Gouml| 6983
Basal Cyt@ouml 6983
Basal Cyto Gouml 6983
FA Gouml 6983

FA Gouml 6983

FA Gouml 6983

Apical Cyto Gouml 6983
FA Gouml 6983

Basal Cyto Gouml| 6983
Basal Cyto Gouml| 6983
FA Gouml 6983

FA Goum6983

Apical Cya DMSO

Basal Cyto DMSO
Apical Cyto Imatinib
Basal Cyto DMSO

13
10
13
10
13

Level 2

Adimatinib

Apical Cyto Gouml 6983 AJ Imatinib

Apical Cyto Gouml 6983 Apical Cyto Imatinib
AJ Imatinib

Apical Cyto Imatinib
AJ Imatinib
ApicalCyto Imatinib
Basal Cyto DMSO
Basal Cyto PP2
FA DMSO

AJ DMSO

AJ DMSO

Apical CytdMSO
Basal Cyto DMSO
AJ DMSO

Apical Cyto DMSO
Basal Cyto Imatinib
AJ DMSO

Basal Cytdmatinib
FA Imatinib

AJ PP2

Apical CytddMSO
AJ PP2

Apical Cyto PP2
AJ PP2

Apical Cyto PP2
AJ PP2

AJ PP2

AJ PP2

Apical Cyto PP2
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11
13

13

14
12
14
12

p-Value

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0146
0.1884
0.3258
0.5447

11
11
14
11
14



Apical Cyto DMSO
Apical Cyto DMSO
Basal Cytdmatinib

Basal Cyto Gouml| 6983
Basal Cyto Gouml| 6983

Basal Qy Imatinib
Apical Cyto Imatinib
Basal Cyto DMSO
FA Imatinib

Apical Cyto PP2
Basal Cyto DMSO
Apical Cyto Imatinib
Basal Cyto DMSO
FA PP2

Basal Cyto PP2

Apical Cyto Gouml 6983

FA PP2

Adimatinib

Basal Cyto Imatinib
Basal Cyt®P2
Basal Cyto Imatinib
Basal Cyto DMSO
Basal Cyto Imatinib
Apical Cyto Imatinib
Apical Cyto PP2
Basal Cyto Imatinib
FA Imatinib

FA Imatinib

FA DMSO

FA PP2

Apical Cyto PP2
Apical Cyto PP2
FA Imatinib

Basal Cyto PP2

AJ PP2

FA PP2

FA PP2

FA DMSO

Basal Cyto Imatinib
AJ PP2

AJ Imatinib

AJ DMSO

AJ PP2

AJ Gouml| 6983

Apical Cyto Gouml 6983

Apical Cyto PP2
AJ Imatinib

AJ Imatinib
FADMSO

AJ PP2

AJ DMSO

AJ DMSO

Apical Cyto Imatinib
FA DMSO

AJ PP2

AJ Gouml 6983
FA Imatinib

AJ DMSO

AJ Imatinib

Apical Cyto PP2
AJ DMSO
ApicalCyto DMSO
Apical Cyto Imatinib
Apical CytdMSO
AJ Imatinib
BasalCyto DMSO
Basal Cyto PP2
AJ PP2

AJ PP2

AJ PP2

AJ DMSO

Apical Cyto Imatinib
Apical Cyto PP2
Basal Cyto Imatinib
AJ Imatinib

Basal Cyto PP2
Apical Cyto PP2
Basal Cyto PP2
Apical Cyto DMSO
AJ DMSO
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0.5981
0.8998
0.987
0.9976
0.9976
0.9998
0.9999
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0.9995
0.9984
0.9981
0.9836
0.9732
0.9739
0.9706
0.9048
0.8459
0.8459
0.8002
0.8371
0.7559
0.7623
0.5911
0.5875
0.4125
0.4548
0.3432
0.2848



FA DMSO
Basal Cyt®P2
Basal Cyto PP2
Apical Cyto PP
FA Imatinib
Basal Cyt®P2
FA PP2

FA DMSO

FA Inatinib

FA Imatinib
Basal Cyto PP2
FA Imatinib

FA DMSO

FA DMSO

FA PP2

FA PP2

Basal Cyto PP2
FA Imatinib

FA DMSO

FA PP2

FA Imatinib

FA Gouml 6983
FA Gouml 6983
FA DMSO

FA PP2

FA Gouml 6983
FA PP2

FA DMSO

AJ PP2

Apical Cyto PP2
Apical Cyto PP2
FA Imatinib
Apical Cyto DMSO
Basal Cyto Imatinib
Basal Cyto Imatinib
FA Imatinib

FA Imatinib
Basal Cyto PP2
FA DMSO

FA PP2

Apical Cyto PP2

AJ Imatinib

Apical Cyto Imatinib
Apical Cyto DMSO
Basal Cyto Imatinib

AJ DMSO

Basal Cyto Imatinib
Basal Cyto Imatinib
Apical Cyto Imatinib

AJ Imatinib

Basal Cyto DMSO

AJ DMSO

Apical Cytdmatinib

AJ Imatinib

Apical Cyto Imatinib

AJ Imatinib

Apical Cyto DMSO
Basal Cyto DMSO

AJ DMSO

AJ DMSO

Apical Cyto DMSO
Apical Cyto Gouml| 6983
AJ Gouml| 6983

Basal Cyto DMSO
Basal Cyto DMSO
Basal Cyto Gonl 6983
Apical Cyto DMSO
Apical Cyto DMSO

AJ Gouml| 6983

AJ Gouml 6983

Apical Cyda Gouml 6983
Basal Cyto Gouml 6983
AJGouml 6983

AJ Goumb983

Apical Cyto Gouml 6983
AJ Gouml 6983

Apical Cyto Gaul 6983
Basal Cyto Gouml 6983
Basal Cyto Gonl 6983
Basal Cyto Gourg983
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0.2945
0.3156
0.1303
0.0661
0.0655
0.0333
0.0094
0.0087
0.0095
0.0088
0.0087
0.002
0.0021
0.0019
0.0019
0.0018
0.0008
0.0006
0.0001
0.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001



4.7.11

FA PP2

Basal Cyto DMSO
Basal Cyto DMSO

BasalCyto PP2
Basal Cyto PP2
FA DMSO

FA DMSO

FA PP2

FA PP2

Apical Cyto Imatinib

Post-hoc testing of optical analysis of MDCK migration

Quantification numbers:

Cdl Line Treatment

MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK

FA Gouml 6983

AJ Gouml 6983
Apical Cyto Gouml 6983

AJ Gouml 6983

Apical Cyto Gouml 6983

AJ Gouml 6983

Apical Cyto Gouml 6983

AJ Gouml 6983

Apical Cyto Gouml 6983
AJ Gouml 6983

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

Ctd

Ctrl

HGF

HGF

HGF
Imatinib
Imatinib
Imatinib
Imatinib
PKC Activ
PKC Activ
PKC Activ
PKC Inhib
PKC Init
PKC Inhib
PP2

PP2
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Date
1/16/2019
1/20/2019
1/23/2019

12/13/2019

12/18/2019
2/21/2020
2/22/2020
2/27/2020
1/16/2019

12/13/2019

12/18/2019
1/16/2019
2/21/2020
2/22/2020
2/27/2020
2/21/2020
2/22/2020
2/27/2020
2/21/2020
2/22/2020
2/27/2020

12/13/2019

12/18/2019

P RPNNMNNMNNNMNNRPRRPREPNNRPRPRRPREPNNRRNZ

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001



MDCK I
MDCK I
MDCK I
MDCKII
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDCK I
MDX Il
MDCK I

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl

HGF

HGF

HGF
Imatinib
Imatinib
Imatinib
Imatinib
PKC Adt
PKC Activ
PKC Activ
PKC Inhib
PKC Inhib
PKC Inhib
PP2

PP2

1/16/2019
1/20/2019
1/23/2019
12/13/2019
12/18/2019
2/21/2020
2/22/2020
2/27/2020
1/16/2019
12/13/2019
12/18/2019
1/16/2019
2/21/2020
2/22/2020
2/27/2020
2/21/2020
2/22/2020
2/27/2020
2/21/2020
2/22/2020
2/27/2020
12/13/2019
12/18/2019

Results of Tukey HSD for leading edge speed

Level 1 Level 2
MDCK Citrl MDCK PP2
MDCK Citrl MDCK Imatinib

MDCK PKC Inhi MDCK PP2
MDCK PKC Inhi MDCK Imatinib

MDCK Citr

MDCK PKC Inhik

MDCK Imatinib MDCK PP2

Results of Tukey HSD for correlation lengths:

Level 1
MDCK Citrl

Level 2

P PNNMNNMNMNNMNMNMNNPFPPRPRPPRPEPNMNNMNPEPEPPRPRPRPPEPNMNNNMNREEDN

p-Value
<.0001
<.0001
<.0001
<.0001
0.3351
0.9998

p-Value

MDCK Imatinib  0.0002



MDCK PKC Inhit MDCK Imatinib  0.0109

MDCK Ctrl MDCK PP2 0.0645
MDCK PKC Inhit MDCK PP2 0.5092
MDCK PP2 MDCK Imatinib  0.5705
MDCK PKC
MDCK Ctrl Inhib 0.3044
4.7.12 Post-hoc testing of HGF-treated MDCK cells

Quantification numbers:

CellType Construct Structure Treatment Date Images
MDCK  VInTS FA None 7/31/2019 13
MDCK  VInTS FA None 8/24/2019 14
MDCK  VnTS FA HGF 6/18/2019 11
MDCK  VInTS FA HGF 7/31/2019 11
MDCK  VIinTS FA HGF 8/24/2019 19
MDCK  VinTS Basal Cyto None 7/31/2019 13
MDCK  VinTS Basal Cyto None 8/24/2019 14
MDCK  VIinTS Basal Cyto HGF 6/18/2019 12
MDCK  VIinTS Basal Cyto HGF 7/31/2019 11
MDCK  VinTS Basal Cyto HGF 8/24/2019 19
MDCK  VInTS Al None 7/31/2019 12
MDCK  VinTS AJ None 8/24/2019 14
MDCK  VInTS Al HGF 6/18/2019 8
MDCK  VinTS Al HGF 7/31/2019 12
MDCK  VInTS Al HGF 8/24/2019 18
MDCK  VinTS Apical Cyto None 7/31/2019 12
MDCK  VinTS ApicalCyto None 8/24/2019 18
MDCK  VIinTS Apical Cyto HGF 6/18/2019 8
MDCK  VInTS ApicalCyto HGF 7/31/2019 15
MDCK  VinTS Apical Cyto HGF 8/24/2019 21
MDCK  VIinTSI997A FA None 7/31/2019 12
MDCK  VIinTSI997A FA None 8/24/2019 15
MDCK  VIinTSI997A FA HGF 6/18/2019 18
MDCK  ViIinTSI997A FA HGF 7/31/2019 12
MDCK  VIinTSI997A FA HGF 8/24/2019 13
MDCK  VinTS997A  Basal Cyto None 7/31/2019 12
MDCK  VIinTSI997A  Basal Cyto None 8/24/2019 15
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MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCK
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKI
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII

VinTSI997A
VIinTSI997A
VinTSI997A
VIinTSI997A
VinTSI997A
VIinTSI997A
VinTSI997A
VIinTSI997A
VinTSI997A
VIinTSI997A
VinTSI997A
VIinTSI997A
VinTSI997A
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTs
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS
VinTS

Basal Cyto
Basal Cyto
Basal Cyto
AJ
AJd
AJ
AJd
AJ
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
FA
FA
FA
FA
FA
FA
FA
FA
FA
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
AJ
AJd
Al
AJd
Al
AJd
Al
AJd
Al
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HGF
HGF
HGF
Nonre
None
HGF
HGF
HGF
None
None
HGF
HGF
HGF
None
None
None
None
HGF
HGF
HGF
HGF
HGF
None
None
None
None
HGF
HGF
HGF
HGF
HGF
None
None
None
None
HGF
HGF
HGF
HGF
HGF

6/18/2019
7/31/2019
8/24/2019
7/31/2019
8/24/2019
6/18/2019
7/31/2019
8/24/2019
7/31/2019
8/24/2019
6/18/2019
7/31/2019
8/24/2019
6/14/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018

18
12
13
13
14
10
10
12
14
16
11
14
17
10
12
12
12
20

16
17
17
10
13
12
12
20
11
16
17
17
11

12

13

13
14



MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MD&I

MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII
MDCKII

VinTS

VinTS

VinTS

VinTS

VinTS

VinTS

VinTS

VinTS

VinTS

VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A
VinTSI997A

Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
Apical Cyto
FA
FA
FA
FA
FA
FA
FA
FA
FA
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
Basal Cyto
A
Al
A
A
A
Al
AJd
AJd
AJd
AJd
Apical Cyto
Apical Cyto
Apical Cyto
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None
None
None
None
HGF
HGF
HGF
HGF
HGF
None
None
None
None
None
HGF
HGF
HGF
HGF
None
None
None
None
None
HGF
HG-
HGF
HGF
None
None
None
None
None
HG-
HGF
HGF
HGF
HGF
None
None
None

6/14/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018
6/23/2018
6/25/2018
6/14/2018
6/18/2018
6/22/2018

11

12

13

13
14
12
13
12

10
13
14
12
13
12
13
12

10
13
14
12
13
14
11

©

10

13

13

14
11



MDCKII VinTSI997A  Apical Cyto None 6/23/2018
MDCKII  VIinTSI997A  Apical Cyto None 6/25/2018
MDCKIl VIinTSI997A  Apical Cyto HGF 6/14/2018
MDCKII  VIinTSI997A  Apical Cyto HGF 6/18/2018
MDCKII VinTSI997A  Apical Cyto HGF 6/22/2018
MDCKII  VIinTSI997A  Apical Cyto HGF 6/23/2018
MDCKII VinTSI997A  Apical Cyto HGF 6/25/2018
Results of SteeliDwass:
Level 1 Level 2

MDCKII FA VinT897A None
MDCKII FA VinTIS97A HGF
MDCKII Basal Cyto VinTS HGF
MDCKII Basal Cyto ViAlBS7A None
MDCHI Basal Cyto VinTS HGF
MDCKII Basal Cyto ViABS7A HGF
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII Basal Cyto ViRlBS7A None
MDCKII Bas&yto VinT$997A HGF
MDCKII Basal Cyto VialBS7A None
MDCKII Apical Cyto VinT®7A HGF
MDCKII Basal Cyto ViAlBS7A None
MDCKII Basal @VinT9997A None
MDCKII Basal Cyto ViRlBS7AHGF
MDCKII Basal Cyto VinlBS7A HGF
MDCKII Basal Cyto ViRlPS7A HGF
MDCKIBasal Cyto VinTS HGF
MDCKII AJ VinT$97A HGF
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII Basal Cyto ViAlBS7A None
MDCKII Apical Cyto VinlE®7A HGF
MDCKII Basal CRaGnTSI997A None
MDCKII Apical Cyto VinTe®7A HGF
MDCKII Basal Cyto VirlBS7A None
MDCKII Bas&yto VinT$97A None
MDCKII Basal Cyto VirlBS7A None
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII Basal Cyto VialBS7A None

MDCKII FA VIinTS HGF
MDCKII FA VinTS HGF

MDCK FA VIinTS HGF

MDCK FA VIinTS HGF

MDCK FA VinTS None

MDCKII AJ VinTS HGF

MDCK FA VIinTS HGF

MDCK Apical Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCKII AJ VinTS HGF

MDCK FA VIinTS HGF

MDCK AJ VinTS HGF

MDCK FA VinTIS97A HGF
MDCK FA/INTSI997A HGF
MDCK AJ VinTS HGF

MDCKII Apical Cyto VinTS HGF
MDCK AJ VinTS None

MDCK FAINTHGF

MDCK Basal Cyto VinTS HGF
MDCK FA VinTS None

MDCK Apical Cyto VinTS HGF
MD Apical Cyto VinTS None
MDCK AJ VinTS HGF

MDCK Basal Cyto VinTS HGF
MDCK Basal Cyto VinTS None
MDCK AJ VinTS None

MDCK Apical Cyto VinTS None
MDCKII Apical Cyto VIinTS HGF
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10
13

13

p-Value
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<0001



MDCKII Basal Cyto VinTS HGF
MDCKII Basal Cyto Vial997A HGF
MDCKII Basal Cyto ViRlPS7A HGF
MDCKII Basal Cyto VinTS HGF
MDCKII Apical CywinTSI997A HGF
MDCKII Bas&yto VinTS HGF
MDCKII Basal Cyto ViRlPS7A HGF
MDCKII Basal Cyto ViABS7A HGF
MDCKII Apical Cyto VirTe®7A HGF
MDCKII Bas&yto VinT$97A None
MDCKII Apical Cyto VirT®7A HGF
MDCKII Basal Cyto ViAB97A HGF
MDCKII Basal Cyto VinTS HGF
MDCKII AVIinT$997A HGF
MDCKII Basal Cyto ViAlBS7A None

MDCKII Apical Cyto VinTe®7A None

MDCKII Basal Cyto ViRlPS7A HGF
MDCHI Apical Cyto VinIS97A HGF
MDCKII FA VinT997A None
MDCKII Apical Cyto VinTe®7A HGF
MDCKII Basal Cyto ViRlBS7A HGF
MDCKII Apical Cyto VinTe®7A HGF
MDCKII Basal Cyto ViRlPS7A HGF
MDCKII FAInTSI997A None
MDCKII Basal Cyto VinTS HGF
MDCKII Bsal Cyto VInT®97A None
MDCKII AJ VinT$97A HGF
MDCKII Basal CR6nTSI997A HGF
MDCKII AJ VinT$97A HGF
MDCKII AJ VisT997A HGF
MDCKII AJ VinT$97A HGF
MDCKII Apical Cyto VinTe®7A HGF
MDCHI AJ VinT-®297A None

MDCK Basal Cyto VinlBS7A None
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII Basal Cyto ViAlBS7A HGF

MDCKII Agal Cyto VIinT-R297A None

MDCKII AJ VinT$97A HGF
MDCKII Basal Cyto VirlBS7A None
MDCKII Basal Cyto VirlBS7A None

MDCK AYiInTS HGF

MDCK Apical Cyto VinT®7A HGF
MDCK FA VinTS None

MDCK Apical Cyto VinTS HGF
MDCK FA VinTIS97A HGF
MDCK Apical Cyto VinTS None
MDCK AJ VinTS None

MDCK Basal Cyto VinTS None
MDCK FA VinTS None

MDCK AJ VinTI$97A HGF
MDCKII AJ VinTS HGF

MDCK AJ VIinTIS97A HGF

MDCK Basal Cyto VinTS None
MDCK FA VinTS None

MDCK Apical Cyto VinT®7A HGF
MDCK FA VIinTF8GF

MDCKII AJ VinT$97A None
MDCK Apical Cyto VinTS None
MDCK FA VinTS HGF

MDCK AJ VIinTS None

MDCK Basal Cyto VIiRIB®7A HGF
MDCK Basal Cyto VinTS None
MDCK FA VinTIS97A None
MDCK FA WTS None

MDCKII AJ VinTS HGF

MDCK FA VinTI897A None
MDCK AJ VinTS HGF

MDCKII Basal Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCK AJ VinTS None

MDCK Apical Cyto VinTS None
MDCK Basal Cyto VinTS HGF
MDCK FA VinTS HGF

MDCK Apical Cyto VinTS HGF
MDCK AJ VIinTI$97A None
MDCKII AJ VinTS None

MDCK FA VinTS None

MDCK Basal Cyto VinTS None
MDCK Basal CytinTSI997A HGF
MDCKII AJ VinT$7A None
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<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0001
<.0001
<.0001
0.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001



MDCKII Basal Cyto VialBS7A None
MDCK FA NTSI997A HGF

MDCKII AJ VinT$97A HGF
MDCKII Basal Cyto VinTS None
MDCKII Apical Cyto VirTe®7A HGF
MDCKII Basal Cyto VinTS HGF
MDCK Basal Cy{dnTSI997A HGF
MDCKII Apical Cyto VinTle®7A HGF
MDCK Basal Cyto ViRlBS7A None
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII AJ VinT$97A HGF

MDCK Basal Cyto VinlBS7A HGF
MDCKII Apical CyinTSI997A HGF
MDCKII Basal CRGnTSI997A Naoe
MDCK FA VinTIS97A HGF

MDCKII AJ VinT$97A None
MDCKII Basal Cyto ViRlPS7A HGF
MDCKII Basal CYW6nTSI997A HGF
MDCK Apical Cyto VinT&®7A None
MDCK Basal Cyto VinlBS7A HGF
MDCK Apical Cyto VinTa7A None
MDCKII Basal Cyto VinTS None
MDCK Basal Cyto ViRlB®7A HGF
MDCK Basal Cyto VinlB®7A HGF
MDCKII Basal Cyto V& None
MDCKII FA VinTI$97A None
MDCKII Apical Cyto VinrTe®7A None
MDCK FA VinT1I897A None

MDCKII Apical Cyto VinrTe®7A None
MDCKII Basal Cyto VinTS None
MDCKII FAINTSI997A HGF
MDCKII FA VinTI$97A HGF
MDCKII Apical Cyto VIirRT®7A HGF
MDCHI Apical Cyto VinIS97A None
MDCK Apical @yVinTS997A HGF
MDCKII Basal Cyto ViAlBS7A HGF
MDCKII Apical Cyto VinTS HGF
MDCHI FA VinTS None

MDCKII Basal Cyto VirlBS7A None
MDCKII FA VinTI$97A None

MDCK AJ VinTI897A None

MDCK FA VIinTS HGF

MDCKII AJ VinTS HGF

MDCK FA VIinTS HGF

MDCK AJ VinTI897A HGF

MDCK FA Viigl997A HGF

MDCK AJ VinTS HGF

MDCKII Apical Cyto VinTS HGF
MDCK AJ VinTS HGF

MDCKII ApicalytoVinTSI997A None
MDCK FA VinTIS97A HGF

MDCK Apical Cyto VinTS HGF
MDCK FA VinTIS97A None
MDCKII AJ VinTS None

MDCK FA VinTS None

MDCK FA VinTS None

MD Apical Cyto VinTI897A None
MDCKII Aigal Cyto VIinTS None
MDCK AJ VinTS HGF

MDCK AJ VIinTS None

MDCK Apical Cyto VinTS HGF
MDCK FA ¥TS None

MDCK Basal Cyto VinTS None
MDCK Apical Cyto VinTS None
MDCK Apical Cyto VinTS HGF
MDCK AJ VinT¥ne

MDCK AJ VinTS None

MDCK FA VinTS HGF

MDCK AJ NTS HGF

MDCK AJ VinTS HGF

MDCK FA VinTS None

MDCK FA VinTS HGF

MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinTS None
MDCK AJ VinTS None

MDCKII AJ VinT®7A HGF
MDCK FA VinTS None

MDCKII FA VinTS HGF

MDCK Apical Cyto VinT¥7A None
MDCKII FA VinTS None
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<.0001
<.0001
<.0001
<.0001
<.0001
0.0009
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0001
0.0002
<.0001
<.0001
0.0007
0.0002
0.0099
0.0003
0.0008



MDCKII Apical Cyto VinrTe®7A None

MDCKIBasal Cyto VinTS HGF

MDCKII Apical Cyto VinrTe®7A None

MDCKII Basal Cyto VinTS HGF
MDCKII AJ VinT997A None

MDCKII Basal @QyVinT9997A None

MDCK Basal Cyto ViRIBS7A None
MDCKII Basal Cyto VinTS HGF
MDCK Apical CyMinTSI997A None
MDCKIBasal Cyto VinTS None
MDCK Apical Cyto VinT8®7ANone
MDCKII Basal Cyto VinTS None
MDCK Basal CytGnTSI997A None
MDCK Bsgal Cyto VIinF®97A None
MDCKII Basal Cyto Via None
MDCKII FA VinT897A None
MDCKII Basal Cyto ViRlPS7A HGF
MDCK Basal Cyto ViRlBS7A None

MDCKII Basal Cyto ViAlBS7A None

MDCK Apical CyMinTSI997A HGF
MDCKII Basal Cyto VinTS HGF
MDCK Basal Cyto VinlBS7A None
MDCKIIBasal Cyto VinTS None

MDCKII Apical Cyto VirTE®7A None

MDCKII Basal Cyto VinTS None

MDCKII Apical Cyto VinTe®7A HGF
MDCKII Basal Cyto ViAlBS7A None

MDCK FA VinTIS97A HGF
MDCKII AJ VinT$97A HGF
MDCKII AJ VinT$97A HGF

MDCKII Apical @yVinTS997A HGF

MDCK Apical Cyto VinT®7A HGF
MDCK FA VinTIS97A None
MDCKII AJ VinT$97A None
MDCKII FA VinTI997A None
MDCKII Basal Cyto VinTS HGF
MDCK Basal Cyto VinTS HGF
MDCK AJ VinTI897A None
MDCKII Apical Cyto VinTS HGF
MDCK AYinTSI1997A None

MDCK Basal Cyto VinNi8ne
MDCK Basal Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCK AJ VinTI$97A HGF
MDCK AJ VinT¥®ne

MDCKII Apical Cyto VinTS None
MDCK Basal Cyto VinTS HGF
MDCKII Apical Cyto VinTS HGF
MDCK AJ VinTS None

MDCK FA VinTIS97A HGF
MDCK Apical Cyto VinTS None
MDCKII AJ VinTS HGF

MDCK Apical Cyto VinTS None
MDCK Basal Cyto VinTS None
MDCK AJ VIinTS None

MDCK Apical Cyto VinTS None
MDCK Basal Cyto ViRIB®7A None
MDCK AJ VinTS None

MDCKII Apical Cyto VirTE®7A None

MDCK Apical Cyto VinTS None
MDCK FA VinTIS97A Nne
MDCK AJ VinTI$97A HGF
MDCK Basal Cyto VinTS None
MDCKII AJ VinTS HGF

MDCK Apical Cyto VinlN8ne
MDCK AJ VinTI$97A None
MDCKII Basal Cyto VinTS HGF
MDCK AJ VinTS None

MDCK AJ VinTI$97A HGF
MDCK Basal Cyto VinTS HGF
MDCKII AJ VinTS None

MDCK AJ VinTS HGF

MDCK FA VinTS None

MDCK Apical Cyto VinTS None
MDCK Bsal Cyto VinTRone
MDCKII AJ VinTS None

MDCK AJ VinTS None

MDCK AJ Virs HGF

MDCK FA VIinTS HGF

MDCK AJ VinTS None
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<.0001
0.0137
0.0003
0.0187
0.0001
0.001

<.0001
0.0264
<.0001
0.0004
<.0001
0.002

<.0001
<.0001
0.0001
0.0013
0.0006
<.0001
0.0055
<.0001
0.0603
<.0001
0.0003
0.0056
0.0004
0.0011
0.0632
0.0001
0.0015
0.0029
0.0025
0.0006
<.0001
0.0013
0.0047
0.0804
0.0004
0.0002
0.0104
<.0001



MDCKII Apical Cyto VinrTe®7A None

MDCKII Basal Cyto VinTS None
MDKII Apical Cyto VIinTS None
MDCKII AYinTSI997A HGF
MDCKII AJ VinT$97A None
MDCKII FA VinT$97A None
MDCKII AJ VinT$97A None
MDCKII Apical CydinTSI997A HGF
MDCKII Basal Cyto VinTS None
MDCKII FA VinT$97A HGF
MDCKII FA VinTIS97A HGF

MDCK Apical CyMinTSI997A HGF
MDCKIBasal Cyto VinI897A HGF
MDCKII AJ VinTS HGF

MDCK AJ VinTI$97A HGF

MDCKII AJINTSI997A None
MDCKII Apical Cyto VinTe®7AHGF
MDCK Basal Cyto VinlBS7A None
MDCKII Basal Cyto VinTS HGF
MDCKII Basal Cyto VinTS None
MDCKII Bad Cyto VinTS None
MDCKII Basal Cyto VirlBS7A None
MDCK FA VinTIS97A HGF

MDCKII Basal Cyto VinlBS7A HGF
MDCKII FA VinTIS97A HGF

MDCK Apical Cyto VinT®7A None
MDCKII FA VinTIS97A HGF
MDCKII Apical Cyto VinTS None
MDCK FAIRTSI997A None

MDCK Basal Cyto VinlE®7A HGF
MDCKII Basal Cyto ViAlBS7A None
MDCKII AJ VinT$O7A HGF

MDCK Basal Cyto VinTS HGF
MDCKII Apical Cyto VinTe®7A HGF
MDCKII Apical Cyto VinTS HGF
MDCK Bsal Cyto VinFB97A None
MDCKII FA VinTI997ANone
MDCKII FA VinTT$97A HGF

MDCK Basal Cyto VinlP97A HGF
MDCKIAJ VinT$97A HGF

MDCK FA VinTIS97A HGF

MDCK Basal Cyto VinTS HGF
MDCK FA VinTS None

MDCK FA Vinfi897A None
MDCK AJ VinTS HGF

MDCK AJ VinTS HGF

MDCK Bas&yto VinTS None
MDCKII AJ VinT$97ANone
MDCK AJ VinTI$97A HGF

MDCK AJ VIinTS None

MDCKII FA VinTS None

MDCK Apical Cyto VinTS HGF
MDCKII Basal Cyto VinTS None
MDCK FA VinTS None

MDCK AJ VIinTS None

MDCK Apical Cyto VinTS HGF
MDCKII Apical Cyto VinTS None
MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinT®R7A HE
MDCK FA VinTIS97A None
MDCKII Apical Cyto VinTS HGF
MDCK Basal Cyto ViRlBS7A None
MDCK Apical CytoniS None
MDCKII Apical Cyto VinT®7AHGF
MDCK Basal Cyto VinTS None
MDCK AJ VinlIS97A HGF

MDCK AJINTSHGF

MDCK FA VinTS HGF

MDCK AJ VinTS None

MDCK AJ VinlIS97A HGF
MDCKII AJ VinT$97A HGF
MDCKII AJ VinTS None

MDCK Apical Cyto VinTS None
MDCK Basal Cyto ViRlBS7A HGF
MDCK AJ VinTS None

MDCK AJ VinTI897A None

MDCK Apical Cyto VinTS HGF
MDCK Apical Cyto VinTS None
MDCK Basal Cyto VinHIGF

MDCK Apical Cyto VinT®7A HGF
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0.0079
0.0053
0.0005
0.0056
0.0068
0.0157
0.0046
0.0306
0.0058
0.0127
0.0306
0.0122
0.0363
0.0287
0.0005
0.0388
0.043

0.0059
0.2958
0.0142
0.0798
0.049

0.0091
0.0925
0.0326
0.0017
0.0489
0.0203
0.0003
0.0137
0.1305
0.0586
0.0115
0.0746
0.0638
0.0007
0.142

0.0694
0.0573
0.1134



MDCKII Basal Cyto VBIHGF
MDCKII Basal Cyto VinTS None
MDCK FA VinTIS97A None

MDCHI AJ VIinT-897A None

MDCK Basal Cyto VinTS HGF
MDCKII Apical Cyto VinTlE®7A None
MDCKII Basal Cyto VinTS None
MDCKII Apical Cyto VIBIB97A None
MDCK FA VinTIS97A None

MDCKII Apical Cyto VinTle®7A HGF
MDCKII AJ VinT®ne

MDCKII FA VinT$97ANone

MDCKII Basal Cyto VinTS HGF
MDCK FA VinT1I897A HGF

MDCKII Apical CyyinTSI997A None
MDCKII FA VinT$97A HGF

MDCKII Basal Cyto VinTS None
MDCKII Apical Cyto VinTS None
MDCKII AYinTSI997A HGF

MDCK FA VinT1I897A None

MDCKII Apical Cyto VinrTe®7A None
MDCKII Apad Cyto VinT897A None
MDCK AYiInTSI997A HGF

MDCKII AJ VinT$97A None
MDCKII Bas&yto VIinT897A None
MDCK Basal Cyto VinFIGF

MDCKII AJ VinTS HGF

MDCK FA VinT1I897A HGF

MDCKII Basal Cyto VinTS HGF
MDCKII Basal Cyto VinTS None
MDCKII Apical Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCKII Basal Cyto VinTS None
MDCK Basal Cyto VinlBS7A None
MDCKII Basal Cyto VinTS None
MDCKII Basal Cyto VinTS None
MDCKII FA VinTS97A HGF

MDCKII Apical Cyto VinTS HGF
MDCKII AJ VinTS None

MDCK Apical Cyto VinT®7A None

MDCK AJ VinTI897A None

MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinTS None
MDCKII AJ VinTS HGF

MDCKAJ VIinTS HGF

MDCK AJ VinTI897A HGF

MDCK AYinTSI997A None
MDCKII Apical Cyto VinTS HGF
MDCK Bsal Cyto VinTS None
MDCK Apical Cyto VinT8®7A None
MDCK FA VinTS None

MDCKII AJ VinTS HGF

MDCKII Apical CytarM'S None
MDCK Basal Cyto VinTS None
MDCK Basal Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCKII AJ VIinTS Non

MDCK AJ VIinTS None

MDCK AJ VinTIS97A None

MDCK AJ VinTS HGF

MDCK FA VinTIS97A None
MDCKII AJ VinTS None

MDCK AJ VinTS HGF

MDCK FA VinT1I897A HGF
MDCKII Basal Cyto VinTS None
MDCK Apical Cyto VinTS HGF
MDCK FA VIinTS HGF

MDCK AJ VinTS HGF

MDCKII AJINTSI997A None
MDCKII AJ VinT$97A None
MDCK Apical CydinTS None
MDCK AJ VinTS None

MDCK Basal Cyto VBIB97A HGF
MDCK Apical Cyto VinTe®7ANone
MDCKII Apical Cyto VinTS None
MDCK Apical Cyto VinT®7A None
MDCKII AJ VinTS HGF

MDCK Basal Cyto VinNi8ne
MDCK FA VIinTS HGF

MDCK Apical Cyto VinT®7A HGF
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0.5282
0.0914
0.0044
0.2434
0.0731
0.1144
0.0921
0.3178
0.0057
0.1739
0.0434
0.4324
0.6766
0.0881
0.2786
0.3486
0.2532
0.0933
0.3044
0.114

0.376

0.5024
0.2922
0.6477
0.7544
0.586

0.7335
0.5332
0.9614
0.7687
0.7863
0.5868
0.7871
0.3429
0.8142
0.7722
0.9407
0.9013
0.8423
0.7964



MDCKII Apical Cyto VinTS None
MDCKII Basal Cyto VinTS HGF
MDCKII Apical Cyto VinrTe®7A None
MDCK Basal Cyto ViRIBS7A HGF
MDCKII AJ VTigI997A HGF

MDCK Apical CyMinTSI997ANone
MDCKII Basal Cyto ViAlBS7A None
MDCK FA VinTiI897A None

MDCKII FA VinTIS97A HGF

MDCKII FA VinTTS97A Noe

MDCK Basal Cyto ViRlB®7A HGF
MDCKII Apical Cyto VinTS HGF
MDCK Basal Cyto Vi&I997A None
MDCKII Apical Cyto VinTS Hon
MDCKII Apical Cyto VinrTe®7A None
MDCKII AJ VinTS HGF

MDCK AJ VinTI897A None

MDCKII AJ VinT$97A None
MDCKII Basal Cyto VinTS HGF
MDCK Apical Cyto VinT®7A HGF
MDCKII Apical Cyto VinT&nd
MDCKII Apical Cyto VinTS None
MDCKII FA VinT997A None
MDCKII Apical Cyto VirTE®7A None
MDCKII AJ VinT$97A None
MDCKII AJ VinTS None

MDCKII Apical CyinTSI997A HGF
MDCKII AJ VinT7A HGF

MDCKII Apical Cyto VinTS HGF
MDCK FA VinT1I897A HGF

MDCKII Apical Cyto Mi8 None
MDCKII FA VinTS None

MDCKII AJ VinT$97A None
MDCKII Apical Cyto VIBHGF
MDCKII FA VinTI997A None
MDCKII Apical Cyto VinTe®7A HGF
MDCKII AJ VinT$97A None
MDCKII Apical CytarM SI997A None
MDCKII Basal Cyto VinTS None
MDCKII FA VinTI$97A None

MDCK Apil Cyto VinTS None
MDCK Basal Cyto ViRIBS7AHGF
MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinT®7A HGF
MDCK Basal Cyto VIiRIB®7A HGF
MDCK AJ VinTI897A None
MDCKII Apical Cyto VinTe®7A HGF
MDCK Apical Cyto VinTS HGF
MDCK FA VinTIS97A HGF

MDCK FA VinT1I897A HGF

MDCK AJ VinTI$97A None

MDCK AJ VinTS HGF

MDCK Basal CytinTSI997A HGF
MDCK Basal Cyto VinTS None
MDCKII Apical Cyto VinTS None
MDCK AJ VIinTS None

MDCK AYinTSI997A HGF

MDCKII AJ VinT®ne

MDCK Apical Cyto VinT®7A None
MDCK AJ VinTI897A HGF

MDCKII AJ VinTS HGF

MDCK AJ VinTS HGF

MDCKII AJ VinTS None

MDCK AJ VinTI897A None

MDCK AYInTSI997A HGF

MDCK AJ VinTS None

MDCKII AJ VinT$97A HGF

MDCK Apical Cyto VinT®7A None
MDCKII AJ VinTS HGF

MDCK Apical Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCK FA VinTS None

MDCK Basal Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCKII Apicalyto VinTS HGF
MDCK Basal Cyto ViRIBS7A None
MDCK FA/INTSI997A None
MDCKII AJ VinT$O7A None
MDCKIRpical Cyto VinFB97A None
MDCK AJ VinlIS97A HGF
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0.778
0.9956
0.943
0.9103
0.9547
0.6007
0.9845
0.874
0.968
0.9783
0.8848
0.9758
0.8905
0.862
0.9705
0.9748
0.7544
0.971
0.9991
0.9229
0.9901
0.9656
0.9953
0.9903
0.9925
0.9686
0.9995
0.998
0.9998
0.9985
0.9981
0.997
0.9996
0.9998

0.9996
0.9998



MDCK Apical Cyto VinTS None
MDCKII FA VinTI897A HGF
MDCKII FA VinTIS97A HGF
MDCK FA/INTSI997A None
MDCK Basal Cyto VinTS None
MDCKII Apical Cyto VinTS None
MDCKII FA VinTI$97AHGF
MDCKII Basal Cyto VinTS HGF
MDCKII AJ VinTS None
MDCKII AJ VinTS HGF

MDCKII AJ VinTS None
MDCKII K VinTS997A None
MDCKII AJ VinTS HGF

MDCKII FA VinTI997A HGF
MDCK Apical Cyto VinTS HGF
MDCKII Apical Cyto VinTS HGF
MDCK Basal Cyto VinTS HGF
MDCKII AJ VinTS None
MDCKII Basal Cyto VinTS None
MDCKII FA VinT897A None
MDCKII FA VinTIS97A HGF
MDCKII FA VinT897A None

MDCKIApical Cyto VinF®97A None

MDCKII Basal Cyto VinTS None
MDCKII AJ VinT997A None
MDCKII Apical Cyto VinTS None
MDCKIAJ VIinTS None

MDCKII Basal Cyto VinTS None
MDCKII AJ VinTS HGF

MDCK FA VinTIS97A None

MDCKII Apical Cyto VinrTe®7A None

MDCKII AJ VinTS None

MDCKII AJ VinT$97A None
MDCK Basal Cyto VinTS None
MDCHI Apical Cyto VinTS None
MDCKII Basal Cyto VinTS HGF
MDCK Basal Cyto VinlP97A HGF
MDCKII AJ VinT$97A HGF
MDCKII A VIinTS997A None
MDCKII FA VinTIS97A HGF

MDCK AJ VinTS None
MDCK FA/InTSI997A None
MDCK AJ VinTI$97A HGF
MDCK FA VinTI897A HGF
MDCK AJ VinTS None
MDCKII AJ VinTS None
MDCKII AJ VinTS None

MDCKII Apical Cyto VirT®®7A None

MDCK Basal Cyto VinTS None
MDCK Basal Cyto VinTS None
MDCK Apical Cyto VinTS None
MDCK FA VinTI897A None
MDCK Apical GytvVinTS None
MDCKII Apical Cyto VIinTS HGF
MDCK AJ VinTS HGF

MDCKII AJ VinTS None

MDCK AJ VinTI$97A HGF

MDCK AYinTS HGF

MDCK Basal CydinTSI997A None
MDCKII Apical Cyto VinTS None
MDCK Badg&yto VinTS HGF
MDCK Basal Cyto VinTS HGF
MDCK Basal CydinTSI997A HGF
MDCKII Basal Cyto VinTS HGF
MDCK Apical Cyto VinT®7A HGF
MDCKII Apical Cyto VinTS HGF
MDCKII AJ VinTS HGF

MDCKII AJ VinTT$97A HGF
MDCK AJ VinTS HGF

MDCK AJ Viisli997A HGF

MDCK Apical Cyto VinT®7A Noe
MDCK Apical Cyto VinTS HGF
MDCK AJ VinTI$97A None

MDCK Apical Cyto VinTS None
MDCK FA VinTIS97A HGF

MDCK Basal Cyt6nTSI997A None
MDCK Apical Cyto VinT&7A None
MDCK Basal Cyto ViRIBS7A None
MDCKII FA VinTI$97A HGF
MDCKII pical Cyto VinTS None
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0.9995

0.9997
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MDCK FA VinTS HGF

MDCKII AJ VinTS HGF

MDCKII FA VIinTS None

MDCKII Apical QytvinTS None
MDCK Apical CydinTSI997A HGF
MDCKII Apical Cyto VinTS None
MDCKII FA VIinTS None

MDCKII Apical Cyto VinTS None
MDCKII Apical Cyto VinTS HGF
MDCKII Basal Cyto Via HGF
MDCK FA VinT1I897A None
MDCKII Apical Cyto VinTS HGF
MDCKII FA VinT$97A HGF
MDCKII Basal Cyto VinTS None
MDCK FA VinT1I897A HGF
MDCK Basal Cyto VinTS None
MDCKII FA VinT$97A HGF
MDCKII FAINTSI997A None
MDCKII Apical CytorMiS HGF
MDCKII Apical Cyto VinTS HGF
MDCKII Apical Cyto VinrTe®7A None
MDCK Agmial Cyto VinTS None
MDCKII FA VinT$97A None
MDCKII AJ VinT$97A None
MDCKII Apical Cyto VinTS None
MDCKII AYinTSI997A None
MDCKII AJ VinTS None

MDCKII FA VinTIS97A None
MDCKII AJ VinTS None

MDCKII Apical Cyto VinTS None
MDCKII FA VIi§ None

MDCKII AJ VinTS None

MDCKII FA VinTS None

MDCKII FA VinTT$97A HGF
MDCKII Apical Cyto VinTS None
MDCKII Apical Cyto VirTE®7A None
MDCKII AJ VTis None

MDCK Apical Cyto VinTS None
MDCK Basal Cyto VinTS HGF
MDCK Bsal Cyto VinTS None

MDCK AJ VinTS None

MDCK Apical Cyto VinTS HGF
MDCK FA VIinTS HGF

MDCK AJ VinTI$97A HGF

MDCK AJINTSI997A None

MDCK Basal Cyto VinTS HGF
MDCK AJ VinTS None

MDCK FA VinTI897A Noe

MDCK FA/INTSI997A HGF
MDCKII AJ VinT$97A HGF
MDCK Basal Cyto VinTS HGF
MDCK AJ VinTI$97A HGF

MDCK AJ VinTIS97A None
MDCKII Apical Cyto VinT®7A HGF
MDCK AJ VinTI$97A HGF

MDCK AJ VinTS HGF

MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinT®7A HGF
MDCK FA VinTIS97A None

MDCK Basal Cyto VinTS HGF
MDCK Basal Cyto ViRIB®7A None
MDCK AJ VinTS HGF

MDCK AJ VinTI$97A None

MDCK Basal Cyto VIiRlBS7A HGF
MDCK Apical Cyto VinT®7A HGF
MDCKApical Cyto VinFlB97A None
MDCK AJ VinTI$97A HGF
MDCKII AJ VinT$7A None
MDCK FA VinTIS97A HGF

MDCK AYinTSI997A None

MDCK Basal Cyto VinTS None
MDCK FA VinTIS897A Noe

MDCK Apical Cyto VinTS None
MDCKII AJ VinT$O7A None
MDCKII AJ VinTS97A None
MDCKII AJ VinT®7A HGF
MDCK Basal Cyto VinTS HGF
MDCK Apical Cyto VinTS HGF
MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinTS HGF
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MDCK Basal Cyto VinTS HGF
MDCK FA VIinTS HGF

MDCK FA/INTSI997A HGF
MDCKII FA VIinTS None

MDCK FA VIinTS HGF

MDCK FA VinTiI897A None
MDCK FA VinTS None

MDCK AJ VinTS None

MDCKII Apical Cyto VinTS HGF
MDCKII AJ VinTS None

MDCKII Apical Cyto VIinTS HGF
MDCK Apical Cyto VinTS HGF
MDCKII Apical Cyto VinTS None
MDCK FA VinTiI897A None
MDCKII Apical Cyto VinTS None
MDCKII AJ VinTS HGF

MDCKII AJ VinTS HGF

MDCKII Basal Cyto VinTS HGF
MDCKII Bsal Cyto VinF®97A None
MDCKII AJ VinTS None

MDCKII FA VIinTS None
MDCKII AJ VinTS HGF

MDCKII Apical @yVinTS HGF
MDCK FA VinTS None

MDCKII FA VinTS None
MDCKII FA VinTS None
MDCKII AJ VinT$97A None
MDCK FA VinTF8GF

MDCKII AJ VinTS HGF

MDCK FA VinTS None

MDCKII Apical CyinTS None
MDCKII AJ VinTS None

MDCKII AJ VinT$97A None
MDCKII FA VinTS HGF

MDCKII FA VinTIS97A HGF
MDCKII FA VinTI$97A HGF
MDCKII Apical Cyto VinrTE®7A None
MDCKII AJ VinTS None

MDCKII FA VinTI997A None
MDCK FA VinT®ne

MDCK AJ VinTIS97A None

MDCK Apical Cyto VinTS None
MDCK Basal Cyto VinTS HGF
MDCK AJ NTS HGF

MDCK Basal Cyto VinTS None
MDCK Apical Cyto VinT®7A HGF
MDCK AJ VinT¥®ne

MDCK AJ VinTS HGF

MD Apical Cyto VinTI897A HGF
MDCK AJ VinTI$97A Noe

MDCK AJ VinTI$97A None

MDCK AJ VinTI$97A HGF

MDCK Basal Gyw/inT9997A HGF
MDCK AJ VinTI897A None

MDCK Apical CydinTSI997A None
MDCK AJ VinTI$97A HGF

MDCK FA VinTIS97A HGF

MDCKII Apical Cyto VinTe®7A HGF
MDCKII Basal Cyto ViRlBS7A HGF
MDCK Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinA&F

MDCK FA VinTIS97A None
MDCKII AYinTSI997A None
MDCK FA VinTS HGF

MDCKII AJ VinTS HGF

MDCKII AJINTS None

MDCK Basal Cyto ViRIBS®7A None
MDCK AJ VinTS HGF

MDCK Basal Cyto VinTS HGF
MDCK Basal Cyto VinTS None
MDCK Basal Cyto VIiRIB®7A None
MDCK Amial CytovinTSI997A None
MDCKII AJ VinT$97A HGF

MDCK FA VinTS None

MDCK Bsal Cyto VinF®97A HGF
MDCK Apical CydinTSI997A None
MDCKII Apical Cyto VinTE®7A HGF
MDCK Basal Cyto ViRlBS7A HGF
MDCKII Apical Cyto VIiRrTE®7A None
MDCK Ajeal Cyto VinTS None
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0.9985
0.9985
0.9989
0.998

0.9899
0.9805
0.8613
0.956

0.9951
0.934

0.9906
0.9643
0.9718
0.7426
0.928

0.9812
0.982

0.9986
0.9876
0.9164
0.9324
0.9413
0.9688
0.7521
0.9475
0.8559
0.864
0.6583
0.8477
0.2184
0.4874
0.4355
0.7182
0.9325
0.6341
0.5403
0.6869
0.421

0.7117
0.0891



MDCKII FA VinTIS97A HGF
MDCKII FA VinT897A None
MDCKII gical Cyto VinTS None
MDCKII AJ VinTS None
MDCKII FA VinTIS97A None
MDCK Basal Cyto VinTS None
MDCKII Agal Cyto VinTS HGF
MDCK FA VIinTIS97A HGF
MDCKII Apical Cyto VinTS HGF
MDCK FA VIinTS HGF

MDCKII AVInTS HGF

MDCK Apical Cyto VinTS None
MDCK FA VIinTS None

MDCK FA VinTIS97A HGF
MDCKII FA VinTS None
MDCKII AJ VinTS HGF

MDCK FA Viigl997A None
MDCK Basal Cyto VinTS HGF
MDCKII FA VinTS None
MDCKII FA VIinTS None
MDCKII FA VIinTS None
MDCK Apical Cyto VinTS HGF
MDCK FA VinTiIS97A None
MDCK Basal CytorI'S None
MDCK FA VIinTS None

MDCKII FA VinTI$97A None
MDCKII Apical Cyto VinTS HGF
MDCKII FA VinTS None
MDCKII FA VinTS None
MDCK Apical Cyto VinTS None
MDCKII FA VinTS None
MDCKII FA VinTI$97A HGF
MDCK Basal Cyto VinTS None
MDCKII FA VinTI$O7A None
MDCKII FA VinTIS97A HGF
MDCK FA VinTI897A None
MDII FA VInNF®97A None
MDCKII AJ VinTS HGF
MDCKII FA VinTIS97A HGF
MDCKII FAInTSI997A None

MDCKII Apical Cyto VirTE®7A None

MDCK Basal Cyto ViRlB97A HGF
MDCKII AJ VinT$97A HGF
MDCKBasal Cyto VinTIS897A None
MDCK Apical Cyto VinT®7A None
MDCK AJ VinTI897A HGF

MDCK Apical CydinTSI997A None
MDCK Apical Cyto VinT®7A HGF
MDCK Basal Cyto VIiRIB®7A HGF
MDCK Apical Cyto VinTS HGF
MDCK AYinTSI997A None

MDCK AJINTSI997A HGF

MDCK AJ VinTS HGF

MDCK AJ VinTI897A None
MDCKII Apical Cyto VinTS None
MDCK Apical Cyto VinT®7A HGF
MDCK Basal Cyto VIiRIB®7A HGF
MDCK Apical Cyto VinT8®7A None
MDCK FA VinTIS97A None

MDCK AJ VinTI897A HGF
MDCKIRApical Cyto VinTS HGF
MDCK AJ VinTI897A None

MDCK Apical Cyto VinT®7A None
MDCK Basal Cyto VinTS HGF
MDCK Apical CytoniS HGF
MDCKII Basal Cyto VinTS None
MDCK Basal Cyto ViRIBS®7A None
MD Basal Cyto VinTS HGF
MDCK FA VinTIS97A HGF

MDCK AJ VinTI897A None

MDCK AJ VinTI$97A None
MDCKII Basal Cyto VinTS None
MDCK AJ VinTI$97A None
MDCKII Basal Cyto VinTS HGF
MDCKII AJ VinT$97A HGF

MDCK Basal Cyto ViRIBS7A None
MDCKII AJ VinT$97A HGF
MDCKApical Cyto VIinFl897A None
MDCK Basal Cyto ViRIBS7A None
MDCK Basal Cyto ViRIBS7A None

250

0.6546
0.6143
0.4469
0.1335
0.4389
0.0474
0.3482
0.2407
0.3124
0.1625
0.2359
0.0209
0.032

0.0596
0.1066
0.1671
0.0193
0.0196
0.0222
0.0257
0.1098
0.0104
0.0005
0.0048
0.0052
0.0578
0.0266
0.0128
0.0109
<.0001
0.0021
0.017

<.0001
0.125

0.0171
<.0001
0.0212
0.0059
0.003

0.0051



MDCKII AJ VinTS HGF
MDCKII Apical Cyto VinFSF

MDCK Basal Cyto VinTS None

MDCK FA VinTS None
MDCK FA VinTS o
MDCKII FA VinT$97A HGF
MDCK FA VinTS None
MDCKII FA VinTS None
MDCKII FA VinTS None
MDCKII AJ VinTS HGF

MDCK Basal Cyto VinTS None

MDCKII FA VinT®ne
MDCK FA VinTS None
MDCK FA VinTS HGF
MDCK FA VinT1I897A HGF
MDCK FA VinT1997A HGF
MDCKII FA VinTS None
MDCK FA VinTS None
MDCKII FA VinTS HGF
MDCKII FA VinTS None
MDCKII FA VinTS None
MDCKII FA VinTS HGF
MDCKII FA VinTS HGF
MDCK FA VIinTF8GF
MDCKII FA VinTS None
MDCKII FA VIinTT997A HGF
MDCK FA VinTS None
MDCK FA VIinTS HGF
MDCKII FA VinTI$97A None
MDCK FA Vin{I897A HGF
MDCK FA VisTNone
MDCK FA VIinTS HGF
MDCK FA VinTS HGF
MDCKII FA VinTS HGF
MDCKII FA VinTS HGF
MDCK FA VIinTS HGF
MDCKII FAINTS None
MDCK FA VIinTS HGF
MDCKII FA VinTS None
MDCKII & VIinTS HGF

MDCK Basal Cyto VIiRIB®7A HGF
MDCKII AJ VinT$97A HGF

MDCK Apical Cyto VinT®7A HGF
MDCK AJ VinTI$97A HGF

MDCK AJ VinTI897A None

MDCKII Basal CytonViS HGF
MDCK Basal Cyto ViRIB®7A None
MDCK Apical Cyto VinT®7A HGF
MDCK Apical GytvinT9997A None
MDCK Basal Cyto ViRlBS7A None
MDCK Apical Cyto VinT®7A None
MDCKII AJ VinT$97A None

MDCK Apical Cyto VinTe®7A None
MDCK AJ VinTI$97A HGF

MDCK Basal Cyto VIiRIB®7A HGF
MDCK Apical Cyto VinT8®7A None
MDCK Basal Cyto ViRIB®7A None
MDCK Basal Cyto VinTS HGF
MDCKAJ VIinTS None

MDCKII Basal Cyto Vinli&@ne
MDCK Basal Cyto VIiRIB®7A HGF
MDCK Basal @VinTS None
MDCK FA VIinTS HGF

MDCK Basal Cyto VinTS HGF
MDCKII Apical Cyto VIirTE®7A None
MDCKII Apical Cyto VinT®7A HGF
MDCK Apical Cyto VinT®7A HGF
MDCK A VinT$997A None

MDCKII Apical Cyto VinTe®7A HGF
MDCK Basal Cyto ViRlBS7A None
MDCK Basal Cyto VIiRIB®7A HGF
MDCK Basal CytarI'SI997A None
MDCK Apical Cyto VinT®7A None
MDCK AJ VinTS HGF

MDCK Apical Cyto VinT8né

MDCK Apical Cyto VinT®7A HGF
MDCKII AJ VinT$97A HGF

MDCK Basal Cyto ViRlBS7A HGF
MDCKII Apical Cyto VinTe®7A HGF
MDCKII AJ VinTS None
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0.0055
0.0077
<.0001
<.0001
<.0001
0.0376
<.0001
0.0003
<.0001
0.0005
<.0001
0.0005
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0062
<.0001
<.0001
0.0029
0.0013
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001



MDCKII FA VinTS HGF MDCK Apical Cyto VIBHGF <.0001
MDCKII FAInTSI997A HGF MDCKII Basal Cyto ViRlB97A None  <.0001
MDCKII FA VinTT$97A None MDCKII Basal Cyto ViRlBS7A None  <.0001
MDCKII FA VinTI997AHGF MDCKII Basal Cyto ViRlBS7A HGF  <.0001
MDCKII FA VinTS None MDCKII Basay® VinTS HGF <.0001
MDCKII FA VIinTS HGF MDCK FA VinTIS97A None <.0001
MDCKII FA VinTS HGF MDCKII AJ VinTS HGF <.0001
MDCKII FA VinT'897A None MDCKII Basal Cyto ViRlB97A HGF  <.0001
MDCKII FA VinTS HGF MDCK AJ VinTI897A HGF <.0001
MDCKII FA NTS None MDCKII Basal Cyto ViRlB97A HGF  <.0001
MDCKII FA VinTS HGF MDCKII Apical Cyto VinTS None <.0001
MDCKII FA VIinTS None MDCKII Basal Cyto ViAlB97A None  <.0001
MDCKII FA VinTS HGF MDCK AJ VinTI897A None <.0001
MDCKII FA VIinTS HGF MDCK FA/INTSI997A HGF <.0001
MDCKII FA VinTS HGF MDCK Basal Cyto VinTS HGF <.0001
MDCKII FA VIinTS HGF MDCKII Apical Cyto VinTS HGF <.0001
MDCKII FA VinTS HGF MDCK Apical Cyto VI81997A None  <.0001
MDCKII FA VIinTS HGF MDCKII AJ VinT$97A None <.0001
MDCKIFA VinTS HGF MDCK Basal Cyto ViRlBS7A None <.0001
MDCKII FA VIinTS HGF MDCK Apical Cyto VinT®7A HGF  <.0001
MDCKII FA VinTS HGF MDCKII Basal Cyto VinTS None <.0001
MDCKII FA VIinTS HGF MDCKII Apical Cyto VinTe®7A None <.0001
MDCKII FA VinTS HGF MDCK Basal Cyto ViRlBS7A HGF <.0001
MDCKII FA VinTS HGF MDCKII AJ VinT®7A HGF <.0001
MDCKII FA VinTS HGF MDCKII Apical Cyto VinT®®7A HGF  <.0001
MDCKII FA VinF85F MDCKII Basal Cyto VialBS7A HGF <.0001
MDCKII FA VinTS HGF MDCKII Basal @yVinT9997A None  <.0001
MDCKII FA VinTS HGF MDCKII Basal Cyto VinTS HGF <.0001

5 Dissertation summary and future directions

5.1 Summary

A central premise of this proposal was that we could use new F rster resonance
energy transfer (FRET)based tension sensaos to identify pr oteins responsible for

mediating mechanocoupling. In this vain, we d etermined that vinculin plays a
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multifaceted role in the mechanocoupling of migrating epithelial cells. These results
could explain how novel structures could mediate mechanocoupling in comparison to
traditional indicators , such as acth belts or cadherin enrichment. This finding
highlighted the potential importance of mechanically integrat ed, pluricellular
cytoplasmic actin networks in mediating long -range coordination. The advances from
this approach were intended to advance our understanding of CCM and o pen new
doors for its manipulation and control. To this end, we discovered that serine
phosphorylation may play an underappreciated role in mechanocoupling and cell
migration. In summary, many of the findin gs from this thesis help to clarify existing
conundrums in the field and also present new mechanisms which play important roles

in CCM.

5.2 Future Directions

The novel findings in this work provide opportunities for future in vestigations
into biological processes inboth the immediate and greater context of the work
presented here. To conclude this thesis, we will discuss direct extensions of this project
as well as exensions pertinent to the greater field of mechanobiology, developmental
biology, and others.
521 Understanding vinculinolsnkerol e as an

Vinculin has long been studied for its role in focal adhesion (FA) and adherens

junction (AJ) formation [162]. One exciting finding of this work was that vinculin has the
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capacity to crosslink actin structures. Based on the context of this work, we speculated
that vinculin -mediated actin crosslinking plays a function in mechanically integrating
cytoplasmic actin networks, which could be similar to vinculiOz UwU OO hdwdsd80% U wE
far, this role appears specific to eithelial cells, whic h integrate signals emanating from
both FAs and AJs.We demonstrated that a site-specific mutation (A50I) disrup ts
vinculin mechanocoupling in the cytosol. This likely sug gests that vinculin cross-linking
requires interactions with the well -known actin cross-linking protein Y-actinin [168, 200,
201] However, this UBUT wEOUOwO! EPEU]I UwHEOIT @b Eda®n@@E wdd 0T w
the greater cantext of the literature, these proteins are unlikely to mediate actin cross
linking , but some evidence has shown that vinculin can co-localize with talin within
nucleated cytosolic adhesion complexes[158]. Therefore, it is necessary to further
evaluate vinculin interactions to better understand its function in actin cross-linking. As
evidence also demonstrates that vinculin can dimerize and cross-link actin [192, 194] it
wou ld be worth exploring the contribution of this behavior , too.
A final important que stion is where vinculin cross-linkin g originates. The
simplest answer is that vinculin cross-linking arises in situ. However, a more
complicated explanation exists. At adhesion sites, retrograde actin flow plays an
important role in adhesion maturation and stability [33, 143, 144]One effect of actin
retrograde flow is to potentially pull vinculin into proximal, actin -rich regions of an

adhesion [144]. Therefore, we can speculag that vinculin could move with actin
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retrograd e flow all the way into the actin cytoskeleton. If this occurs, it could result in
coordination of actin r etrograde flow within a cell as well as between cells.Integration of
actin retrograd e flow could explain how cells mediate long-range coordination wh ile
maintaining cell adhesions, as speculated bymodels which describe CCM to have
glassy-like dynamics [307]. As our discovery of vinculin -mediated actin cross-linking is
novel and largely unexplored, further investigations are necessary to fully elucidate the

interactions and implications .

5.2.2 Uncovering the role of the PKC family on mechanocoupling

A major finding in this thesis was the discovery of an underappreciated role of
the Protein kinase C (PKC)family in regulating CCM. PKCs and other srine/threonine
kinases have been extensively studied in the context of signalng pathways asscciated
with cell proliferation, differentiation, and gene regulation [308, 309] However,
serine/threonine kinases havenot received significant attention when studying
adhesions becauseyrosine ki nases, such as foal adhesion kinase (FAK) and steroid
receptor coactivator (Src), have been the primary focus [310]. Nevertheless, PKCs have
frequently been observed in important CCM -mediated processes. For eample, in
developmental systems PKCsform complexes with Par3 and Par6 andact asapical-
polarity complexes, which are generally involved in the organiza tion of intracell ular
components and cell shape[311]. In D. melanogastedorsal closure, it was shown that

PKCs are implicated in a transition from cyclic to persistent actin networks in the
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amnioserosa[312]. As recent evidence suggests that dorsal closure is driven by
contractions of the amnioserosa rather than actin belt constriction [271], this is could be a
promising system to study the effect of PKCs on mechanocoupling. Furthermore, PKCs
have also been implicated in D. melanogastegermband extension, particularly in
regulating apical actomyosin activity [313]. Thus, there isa significant need to better
understand how serine/thr eonine kinases, sich as PKC, play an integral role in shaping

cell migration and mult icellular interact ions.

5.2.3 Determining the molecular effects of phosphorylation on
molecular mechanics

Many of the studies conducted to study vinculin interactions and mechanics
include in vitro experiments of vinculin fragments (i.e. head domain or tail doma in) or a
constitutively active form of full -length vinculin [162, 179, 201]As this thesis and
previous work [173, 175, 314have demonstrated that several phosphorylation s ites
affect vinculin function and cell behavior, there is a greater need in understanding the
molecular implications. This need is supported by molecular simulations which suggest
that four vinculin phosphorylation sites could alter vincu lin interactions [174].

An important aspect of vinculin mechanocoupling is thought to be a catch bond
it forms with actin [179]. A catch bond describes an interaction between two molecules
that increases with increasing loads. Therefore, a vinculin-actin catch bond could
theoretically stabilize adhesions in response to loads. Inerestingly, an in vivo

investigation of vinculin load and dynamics supports th e notion that vinculin can form
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catch bonds with actin [152]. This work was conducted within fibroblast f ocal adhesions.
However, this thesis has demonstrated that the behavior of vinculin in epithelial cells
may vary considerably from vinculin in fibroblasts. In particular, force -stabilized

vinculin dynamics, indicative of underlying catch bonds, were not observed in epith elial
cells. Additionally, serine phosphorylation of vinculin appears t o be dominant over
tyrosine phosphorylation in epithelial cells. Therefore, it is worth investigating with
single-molecule force-spectroscopy techniqgueswhether site-spedfic vinculin
phosphorylation alters the function of vinculin. In abroader sense, the raises the needo
explore the effects of site-specific phosphoryl ation on other mechanosensitive proteins to

better understand their roles in mediating cell behavior.

5.2.4 Elucidating mechanosensitive signaling in mediating emergent
collective behaviors

Alth ough poorly under stood, physical cues are potent regulators of cell behavior
and tissue remodeling. For physical cuesto elicit a cellular response, the stimuli must be
converted to a biochemically -detectable event through a process such as
mechanotransduction [132]. The premise of mechanotransduction is that force can alter
protein structure, resulting in a chang e in protein function or signaling. This
phenomenon has been observed in various adhesion proteins such as talin[79]. A
challenge in determining mechanotransd uction pathways is measuring molecular forces
withi n cells. In this thesis, we used novel forcesensitive biosensors to measurein vivo

loads in migrating epithelial cells. While the focus of this work was on determining
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mediators of long -range mechanical coupling, mechanosensitive signaling arising from
force transmission may also contribute to emergent collective behaviors. To elucidate
mechanosensitivesignaling, force-sensitive biosensors can be used to measur¢he
recruitment of one protein in response to loading of another protein. This process is
analogous to fluorescence celocalization, acommon tool in molecular biology to
visually asses spatial co-localization of two proteins -of-interest. In addition to
examining the co-localization of two fluorescent signals, this technigue involves
provides inf ormation about the force acrossone of the proteins. In the context of this
work, vinculin could be stu died to better understand mechanosensitive signaling in
CCM. However , other proteins may participate in important mechanosensitive
signaling, too. With t he rapid adoption of force-sensitive biosensors, many proteinsare
ready to be investigated for their r ole in mechanocoupling and mechanosensitive
signaling . Examples include cadherins, desmogleinsO w E & #tenilf for which tension
sensors have already beervalidated [205, 315, 316]Nevertheless,many other proteins
exist, such as afadin, for which new tension sensors could also bedeveloped to study. By
exploring mechanosensitive signaling, we can build a library of mechanosensitive
proteins and pertinent signaling pathways to better und erstand the mechanisms which

dictate cell behavior.
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5.2.5 Investigating other proteins implicated in mechanocoupling

Vinculin was chosen as a starting point to investigate mechanocoupling of
migrating epithe lial sheets because it was known to be mechanically recuited to bot h
FAs and AJs.As vinculin is one of many proteins which constitute these adhesiors,

other important mechanocouplers are likely to exist.

5.2.5.1 The cadherin family z role in me diating mechanocou pling

A group of protein s frequently studied for its role in m ediating tissue
homeostasis, the epithelial-to-mesenchymal transition (EMT), and collective migration
are the classicalcadherins, which include E-cadherin, N-cadherin, and P-cadherin [317].
These proteins are the transmembrane receptors which define AJs and traditionally form
calcium-dependent homodimers with cadherins on adjacent cells. One of the earliest
signs that cadherins were implicated in mechanocoupling came from observations of
cadherin switching in deve lopmental events and EMT [318]. In many of these processes,
a switch in the expressed cadherin isoform was associaed with an alteration in
collective behavior. In EMT, the classcal view is that epithelial cells become migratory
following a down -regulation of E-cadherin and up-regulation of N -cadherin [319].
However, studies investigating the role of EMT i n cancer metastass have reached
contrasting conclusions on the importance of E-cadherin and N-cadherin in the
destabilization of tissu es[320]. It is likely that th e roles of Ecadherin and N-cadherin in

metastatic events are conext dependent, which may also be the case for Pcadherin
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[298]. For example,increased Pcadherin expression is associated with metastasis in
bladder and pancreatic cells, but, in breast cancer cells, increased Radherin expression
only correlates with metastasis when E-cadherin is present[298]. In recent years,
attempts have been made b understand the implications of cadherin mechanocoup ling
in mediating these conext-dependent processes One interesting study demonstrated
that E-cadherin and P-cadherin play functionally distinct roles in mechanocoupling and
could have functional consequences for CCM[321]. In addi tion, single mol ecule force
spectroscopy measurements have demonstrated that homodimer formation can be
regulated to engage in either catch or slip bonds [151]. Slight changes in cadherin
mechanocoupling could explain cadherin -related diseases, such as hereditary gastric
cancers, which arise from genetic mutations in cadherin structure [322]. Therefore, it is
pertin ent to explore the family of classical cadherins to better understand their

molecular role in mediating physiological and pathophysiological processes.

5.2.5.2 Resolving the mecha notransduction pathway at AJs

In response to force, AJs have been sbwn to grow and reinforce [18]. A leading
hypothesis to explain this behavior is the sequential U O 1 O O E bdateninQécitihent
and activation of vinculin, and increased mechanocoupling to the actin cytoskeleton
[188]. Many of the studies supporting this hypothesis were conducted in cell monolayers
[106, 212] The work in this thesis was conducted in migrating epithelial cells and did
not demonstrate E WE O1 EUwWE O U U -GefehirDadtiGatidh lard pincllidloading.
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absence of contractile forceg323]. Therefore, we hypothesized that Y-catenin and

vinculin play functionally distinct roles in  mediating tissue maintenance or remodeling.

In particular, we speculated that AJ mechanocoupling could be regulated by vinculin

interactions with 1 B U T- D U-aafenin. A better understandingof VD OEUOD Oz UwU OO wE

is therefore needed toresolve conflicting results of AJ reinforcement.

5.2.6 Mechanocoupling of collective cell migration on physiologically
relevant substrates

In this thesis, CCM was examined from the perspective of a simplified 2D model
system. In particular, we examined migrating epithelial cells on fibronectin -coated glass
coverslips. Due to the technical challenges of conducting a similar study in vivo, this is a
suitable starting point but warrants further investigations in to more physiologically
relevant environments.

In the case of wound healing, fibronectin is likely the predominant ECM protein
[324]. However, woun d healing in vivo certainly involves other ECM proteins, such as
vitronectin and collagen, as well as a host of other signaling molecules, such as cytokines
and growth factors [325]. Even in small amounts, both ECM proteins and signaling
molecules can substantially influence cell behavior [326]. Other CCM-mediated events
involve an array of different ECM proteins, too. To better understand in vivo CCM-
mediated processes a suitable starting point would be to explore the effect of different

ECM components. ECM predominantly affects cell migrat ion through the engagement
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of specific integrin proteins , which are classified by their heterodimer makeup . For

instance, fibronectin hasawell-E1 UEUDET Ewb OUI Unhkeditmic®d wubDUT wYk ¢ hu
regulates adhesion remodeling and Rho-based contractility, whereas vitronectin has a
O0O0POwWPOUI UE E vbibhQ@ltets Brttateludrtgldium levels and cell -cell

adhesion [327, 328] Investigating the effect of ECM proteins on CCM is an important

step for improving our understanding of how these cuesmediate molecular changes in

cell signaling and mechanocoupling.

The stiffness of glass is roughly one totwo orders of magnitude greater than
bone, the stiffest in vivo tissue, and many orders of magnitude greater than other tissues
[329]. Increased substrate stiffnessis thought to drive cell scattering and certain
pathological processes, sich ascancer invasion and atherosclerosis[117, 330] Therefore,
using glass coverslips is apotential limitation becauseartificially high substrate
stiffnessesmay not faithfully recapitulate processeswhich affect adhesion formation and
function as well as cell migration in vivo [331]. For instance, softer substrates are
associated with decreased FA size, tration stresses, and cell spread areq117, 332337].
On compliant substrates, cells also increasingly adhere to neighbors and aggregate [330].
In the context of CCM, softer substrates were shown to slow wound heali ng, decrease
the directionality of lamellipodia , and decrease theaverage velocity correlation length
[332, 333] This is particularly interesting becausesofter substrates have been shown to

increase the migration speed of individual cells [337]. This fits the general picture that
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softer substrates are associated with decreased FAsize and AJ enrichment.In CCM,
decreaseal substrate stiffness wasalso associated with less myosin activity as indicated
by phospho-myosin immunolabeling [332]. In a subsequent study, substrate stiffness
was shown to have spatial effects on cell-cell, or monolayer, stresses[334]. Near the
wound edge, higher monolayer stresses were associated with increased substrate
stiffne ss. Softer substrates, however, were associated withthe propagation of monolay er
stresses further into the migrating layer. It should be noted that m any of these
relationships between cell behavior and substrate stiffness may not be monotonic.
Recent findings have demonstrated that the effect of substrate stiffnesson cell speedis
bip hasic, meaning that maximal cell speed occurs at an optimal substrate stiffness,and
not monotonic [330]. Currently, a consensus is lacking on the molecular mechanisms of
stiffness sensingthat may explain many of these findings . Therefore, analyzing
molecular mechanocoupling of migrating epithelial sheets on compliant substratesis an
important progression in this line of researchto better understand mechanisms of in vivo

CCM.

5.2.7 Understanding mechanocoupling in animal models

A long -term goal of this research isto uncover important molecular mechanisms
of CCM-mediated processes that may prove rekevant to physiol ogical and
pathophysiological processes.Towards this end, a logical step is to begin studying

mechanosensitive processes using animal models.While some attempts have been made
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to measurein vivo forces [206], the reproducibility of results have thus far been mixed
[207]. Sgnificant obst acles include conducting the proper controls necessary to interpret
FRET-based tension sensor measuements, avoiding photobleaching, and achieving high
signal-to-noise. While this work used a mTFP1Venus (A206K) FRET pair, itwould be
advisable to switch to a red-green FRET pairin animal models to reduce
autofluorescence in the FRET channelOvercoming these technical challenges, however,
would be a significant step forward for the field. Many of the techniques which can be
combined with FRE T-based tensionsensors in tissue culture, such as fluorescence
recovery after photobleaching (FRAP)-based techniques and immunolabeling, would be
applicable to in vivo systems. This would provide a much needed toolset to enablea
greater understanding of the role of force in mediating physiological and pathological

processes andimprovements in the manipulation and control of these processes

5.2.8 Development of improved models of collective cell migration

Physical models are an important tool in biology and engineering because they
can be used to predict how input parameters can alter the behavior of a biological
system. In the context of collective cell migration, these models can aid our
understanding an d manipulation of processes such as embryonic development, wound
healing, and cancer metastasis. Most models of collective cell migration treat cells as a
network of individual units governed by self -propulsion and physical interactions with

neighbors [338]. For instance, both vertex and particle models treat cells as individual
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units where physical interactions occur at cell-cell boundaries [339]. Based on the
findings from this thesis, improved models will need to consider mechanisms of
supracellular organization . Furthermore, current models of CCM largely ignore the
contributio n of cell signaling. As epithelial cells express gapjunctions, cell signaling can
also be a source of supracellular coordination between cells[340]. Therefore, there is a
need to develop improved models which better reflect the underlying physical

mechanisms and integrate pertinent biochemical signaling p athways.

6 Conclusion

Mechanics have long been acknowledged for shaping tissue development and
TUOPUT dw( Owi EE0COwWUT PUWEOOETI xUWwEEOQOWET wUUEEIT EwWEE
animal size is limited by the cubic scaling of gravitational forces[341]. A more recent
I REOx Ol OWEEUDOT wi UOOwWUT 1 thatpEsBdusdssll Ybgre)dedwdelE UwU i 1 uw
EOOOT woOPOl UwlOi wx UPOEDx EOwU UB42Deite i OO OO0 0a wEE OO
knowledge, the study of biology was limited for decades by the technical challenges of
applying or measuring biological -scaleforces and determining their effects. Up unti | the
development of atomic force microscopy, traction force microscopy, and other tools in
the 1980s and 1990s, the study of mechanobiology was virtually nonrexistent. One of the
greatest breakthroughs in mechanobiology occurred a decade ago with the development
of genetically encodable FRET-basedtension sensors which enable the measurement of

protein loading inside cells. This tool is important because it bridges the void between

265



traditional approaches in molecular biology and the effects of force on biology. Evidence
of UT D U uirbpdrtatae iSthe rapid adop tion of FRET-based tension sensorsto study
the mechanics of numerous proteins within different context s[138]. The work in this
thesis focused onmolecular mechanocoupling within collectively migrating epithel ial
cells and is one of the first studies to examine molecular forceswithin multiple adhesion
structures simultaneously. As improvements in this technology are made, FRET-based
tension sensors will see increased applications and greater versatility in sysems of
growing complexity. As we learn more about the intertwined biochemical and
biophysical molecular landscape which dictates cell behavior, we will improve our
abilities to manipulate biological systems and address a variety of disease andhealth

concerns inthe field of medicine.
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