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The B-actin mRNA contains a 28 nucleotide sequence in the 3'UTR termed the zipcode
which, along with a frans acting factor called the Zipcode Binding Protein-1 (ZBP-
1/IMP-1), regulates the spatio-temporal expression pattern of the fB-actin. This mode of
post-transcriptional gene regulation is required for several cellular processes including
cell migration, cell-cell adhesion, and cell-matrix adhesion. Adding to the list of signaling
cascades such as RhoA and Src, work in this thesis demonstrates E-cadherin endocytosis,
and plausibly gene expression pathways regulating cell proliferation, converge on
spatially regulated B-actin translation. E-cadherin endocytosis and recycling has been
shown to be important during the maintenance of epithelial adherens junctions. However
in this thesis, endocytosis of E-cadherin is shown to negatively regulate adherens junction
assembly, while spatially regulated B-actin translation balances this by promoting actin
filament anchoring of cadherin complexes. Mislocalization of B-actin translation impairs

adherens junction maturation in epithelial cells following de novo cell-cell contact. These
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results have implications in development and disease where the assembly and
maintenance of epithelial adherens junctions is essential. In order to quantify the extent of
adherens junction assembly defects in epithelial cells following de novo contact, a
Fluorescence Covariance Index based on calculating Pearson’s Correlation Coefficients
was developed and validated using several components of the adherens junction complex.
In addition to quantitating the morphological effects of mislocalizing B-actin translation
on adherens junctions, the FCI analysis showed correlation of these morphological
defects with loss of epithelial barrier function. Lastly, inhibiting dynamin mediated
endocytosis rescued adherens junction structure and epithelial barrier function in cells
with partially mislocalized B-actin. Using Matrigel embedded 3D cyst cultures of MDCK
cells, spatially regulated B-actin translation was shown to have an effect on cell shape,
size and proliferation during epithelial morphogenesis. These defects in assembling a
normal 3D epithelium along with disorganized acto-myosin and tight junctions, point to a
role for compartmentalized B-actin translation in regulating a mechanosensitive module —
plausibly Hippo and/or YAP/TAZ pathways. Finally, collective cell migration, an
important paradigm in several biological processes such as wound repair and
development, was used to determine the role of spatially regulated B-actin translation in
epithelial wound repair. Spatially regulated B-actin translation is shown to regulate actin
flux at cell-cell adhesions in leader-follower cell pairs to control tissue migration rates.
Although cells with partially mislocalized B-actin translation have a more active leading
edge, this increased protrusive activity fails to translate into increased migratory rate.
These data taken together suggest that collective cell migration in epithelial sheets is an

emergent property of both single cell dynamics and cell-cell interactions.
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PREFACE
To curiosity and a desire to learn. After dabbling in various equally interesting
projects from Anti-sense RNA to compartmentalized translation of transmembrane
proteins, I saw the light at the end of the tunnel. One of the major questions that used to
stump me during the initial years of my PhD was “Why do we care?”. After a long
struggle with this simple yet baffling question, and lots of reading, and discussion with
Alex, I realized the answer. The focus of this thesis, simply putting it, is a 28 nucleotide
long sequence in the mRNA of a particular isoform of a cytoskeletal protein in epithelial
cells. The reason why we should care about this: this small element in the mRNA brings
about spatial and temporal control of protein translation, ultimately affecting cellular
structure and function. From regulating key developmental processes such as tissue
migration, to affecting the prognosis of diseases such as cancer, this process plays a
fundamental role in determining how a cell behaves and hence its fate. It has most
definitely not been an easy road to understanding such a basic principle in biology and
how it applies to the larger context. However, through many a failed experiments and
graveyards filled with good ideas buried before their time, through many fruitful and
sometimes frustrating and rarely futile discussions, I hope this thesis showcases good
science and helps one understand a little more than they did about the role of spatial

regulation of protein translation.
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CHAPTER 1: INTRODUCTION

mRNA localization: an important regulatory mechanism controlling cell polarity
and function

Physicists define polarity as having opposite poles, wherein the two poles impart
different properties in a body or system. We biologists on the other h, and refer to
polarity as an asymmetry in distribution of biological components: proteins, mRNA
and/or lipids (Wolpert, 2013). This asymmetry plays an important role in several cellular
functions: from cell migration during embryogenesis (Medioni et al., 2012), to
maintaining barrier function in epithelial tissue (Nagaoka et al., 2012). Most cell types
establish polarity by a series of general steps: a polarity cue causes regulation of
cytoskeletal and trafficking machinery, which then acts to asymmetrically localize
cellular components to establish and maintain the said polarity. One of the first cases of
cells asymmetrically localizing mRNA to maintain polarity was discovered by Robert
Singer and his colleagues in 1986, when they showed motile chicken embryonic
fibroblasts localize B-actin mRNA to the leading edge of cells (Lawrence and Singer,
1986). For a more detailed discussion on B-actin mRNA localization, see below. The
asymmetric distribution of proteins following translation occurs due to varying protein
sorting codes, differential association with the cytoplasmic membrane face, and/or
receptor mediated communication with the external environment. Each of these processes
has been studied in quite some exquisite detail for several cellular processes (Mellman
and Nelson, 2008). In contrast, localizing mRNAs sets the stage for asymmetric protein

distribution by compartmentalized translation of the protein product, increasing the



protein’s local concentration and polarizing the cell (Condeelis and Singer, 2005). Thus
far, the known mechanisms for mRNA localization are: diffusion and local entrapment,
localized degradation, and/or active transport along polarized cytoskeleton (Alberts et al.,
2008; Medioni et al., 2012; Song et al., 2015). mRNA localization, rather than post-
translational protein transport, provides the cell with several advantages:

1. Energetically, localizing mRNA results in reduced energy expenditure
compared to localizing translated proteins. Since, translation occurs on poly-ribosomes, a
few mRNA molecules are sufficient to make large quantities of protein. However,
compartmentalized protein production requires protein translation machinery at the site of
mRNA localization. Evidence corroborating the presence of translation machinery and/or
translating mRNA has been documented in cellular compartments such as: distal
dendrites of neurons, synapses (Jung et al., 2012), leading edge of migrating cells
(Maizels et al., 2015; Mili and Macara, 2009; Mili et al., 2008; Mingle et al., 2005;
Willett et al., 2011), and cell-cell contact sites in myoblast cells (Rodriguez et al., 2006)
and epithelial cells (Gutierrez et al., 2014).

2. Localizing mRNA also prevents ectopic protein activity, which in the case of
maternal determinants leads to developmental defects.

3. Nascent proteins made locally have distinct properties owing to post-
translational modifications (Saha et al., 2010).

4. Compartmentalized synthesis of various sub-units of a multi-protein complex
decouples formation of the complex from diffusion and/or active protein transport,
resulting in faster dynamics and reduced energy expenditure by the cell (Mingle et al.,

2005).



5. Similar to proteins with different sorting codes, cells can differentially localize
certain mRNAs, which are either splice variants (Baj et al., 2011), or differ in their 3’
untranslated regions (UTRs) (due to alternative polyadenylation signals) (Lembo et al.,
2012).

These data taken together suggest that cells localize mRNAs as quite a general
rule rather than an exception. In addition to B-actin, several other mRNAs are localized to
specific subcellular compartments and determine cell polarity and fate (Eliscovich et al.,
2013; Martin and Ephrussi, 2009). A non-exhaustive list of such mRNAs includes:
localization of bicoid, gurken, and oskar mRNAs regulating Drosophila embryogenesis,
ashl mRNA localization inhibiting mating-type switch in budding yeast (Buxbaum et al.,
2015). Considerable evidence has been gathered for several stages of localized protein
translation — mRNA transport after exit from nucleus, mechanism of translational
repression until the need for protein product, and the signals initiating translation at sites
of localization (Shav-Tal and Singer, 2005). Transcription of a gene to mRNA,
association of the transcript with RNA binding proteins, followed by nuclear export, and
localization to a cellular compartment where translation is repressed, provides distinct

advantages described above.

B-actin mRNA localization: an evolutionarily conserved phenomenon in embryonic
development and establishment of cellular polarity

Actin message was the very first mRNA shown to have a distinct and asymmetric
subcellular localization (Jeffery et al., 1983). In these seminal in situ hybridization

experiments carried out in ascidian eggs, Jeffery and co-workers demonstrated actin



mRNA localizes to the myoplasm during early development. Members of the class
Ascidiacea belong to the Urochordata subphylum of the Chordata phylum in the animal
kingdom. They are simple invertebrates and serve as model organisms for the study of
chordate evolution and are a close ancestor to vertebrates. Interestingly, mRNAs of
cytoplasmic actin isoforms were found to be localized to the future muscle cell lineage in
these simple invertebrates. The actin gene families in invertebrates of the Chordata
phylum show a large variety of cytoplasmic and muscle isoforms with wide interspecies
variations and rapid evolutionary changes as compared to the highly conserved 6
vertebrate isoforms (Bulinski, 2006; Kissinger et al., 1997). Phylogenetic analysis shows
the two vertebrate cytoplasmic isoforms: B and vy, share greater similarity with each other
than to the invertebrate cytoplasmic isoforms. Likewise, the four vertebrate muscle
isoforms: o-cardiac, a-skeletal, a-vascular and y-enteric, share more similarities with
each other than to their invertebrate counterparts. This suggests that one ancestral gene
for each of the cytoplasmic and muscle actins evolved in the vertebrates to give rise to the
various isoforms through gene duplications after divergence of the vertebrates and
urochordates (Kusakabe, 1997; Kusakabe et al., 1997). While the early study showed that
the actin mRNA localized to the putative muscle cell lineage was non-muscle actin,
further experiments with isoform specific probes, showed that an ascidian cytoplasmic
actin mRNA plausibly related to the vertebrate B-actin showed differential localization to
ectoplasm and subsequent ectodermal and endodermal lineages (Beach and Jeffery,
1990). In Fucus embryos, a model system to study simple plant embryogenesis, actin
mRNA has been shown to localize to the thallus tip and the site of cell plate formation

following first asymmetric cell division, where it is implicated as a spatial localizing



determinant (Bouget et al., 1996). In vertebrates, f-actin message was the first mRNA
shown to be differentially localized to the leading edge of motile chicken embryonic
fibroblasts (Lawrence and Singer, 1986), thus paving the way to the field of mRNA
localization in higher vertebrates. These studies in simple invertebrates to vertebrates and
simple plants show that actin mRNA localization is an evolutionarily conserved
phenomenon determining cell polarity and fate.

Several key aspects of the molecular mechanism involved in B-actin mRNA
transport, translational repression during transport, subsequent depression of translation
have been worked out in vertebrate cells (Huttelmaier et al., 2005; Kislauskis et al., 1994;
Latham et al., 2001; Pan et al., 2007; Shestakova et al., 2001). The cis acting factor in -
actin mRNA, known at the zipcode, is a 28 nucleotide sequence in the 3'UTR required
for mRNA localization. Deletion, mutation or masking of the zipcode has been shown to
effect mRNA localization and cell function (Cruz et al., 2015; Gutierrez et al., 2014;

Rodriguez et al., 2006; Shestakova et al., 2001).

Zipcode Binding Protein-1: the trans acting factor required for B-actin mRNA
localization in vertebrates

The first step required for asymmetrical distribution of an mRNA is recognition of
a localization sequence. Such sequence(s) is (are) present in the mRNA either as
sequence specific, and/or structural information. Proteins termed RNA binding proteins
(RBPs), bind to these sequences. RBPs in turn bind directly/indirectly to proteins which
localize the mRNA-protein complex (mRNPs) in response to specific cellular signals.

This converts sequence specific information in the mRNA to spatial-temporal



information in the cell. The localization sequence is typically, but not always, present in
the 3'UTR of the mRNA. Such a sequence is present in the 3'UTR of B-actin mRNA and
is termed the zipcode. The RBPs that bind to zipcodes belong to members of the VICKZ
family of RNA binding proteins (Yisraeli, 2005). The mRNA coding for the cytoskeletal
protein, B-actin and its associated VICKZ member, Zipcode Binding Protein-1 (ZBP-1)
have been extensively studied. A 28 nucleotide long zipcode in the 3'UTR of B-actin
mRNA is required and sufficient for its localization (Chao et al., 2010; Mingle et al.,
2005; Patel et al., 2012). The recognition is mediated by two KH domains in the proteins
which bind to a bipartite sequence in the zipcode. These sequences have also been found
in other mRNAs that bind ZBP-1 (Jonson et al., 2007; Patel et al., 2012). Since the
sequence is characterized by the two ZBP-1 binding consensus sequences separated by a
spacer that varies from one mRNA to another, it is possible to design oligonucleotides
that uniquely mask the zipcode of particular mRNA without affecting other mRNAs in
the cell. Given the evolutionary conservation in 3'UTR sequences, oligonucleotides
designed to mask an mRNA in a particular species will mask the same mRNA’s zipcode
in other species as well. In fact using these oligonucleotides results in disruption of -
actin mRNA localization without any effect on the trans acting factor, ZBP1 (Cruz et al.,
2015; Gutierrez et al., 2014; Shestakova et al., 2001).

ZBP1 associates with B-actin mRNA in the nucleus (Pan et al., 2007),
accompanies the RNA during transport and is required for localizing the mRNA to
protruding edge in fibroblasts (Oleynikov and Singer, 2003) and is responsible for
translational repression (Huttelmaier et al., 2005). The signal for localizing B-actin

mRNA to the leading edge in motile fibroblasts comes from the activation of the Rho



family GTPase — RhoA. RhoA activation is essential for the formation of integrin
mediated focal adhesions, which generate traction during directional motility. RhoA
effector Rho kinase (ROCK), upon activation by RhoA, mediates B-actin mRNA
transport in a myosin dependent manner along polarized actin filaments (Latham et al.,
2001). Recently, it has also been suggested that B-actin mRNA transport occurs on
microtubules in a KIF11 mediated mechanism (Song et al., 2015). It is thus conceivable
that the initial long-range transport occurs on microtubules followed by short-range

transport on actin filaments, which helps fine tune the transportation of the message.

Epithelial adherens junction assembly is a multi-step process regulated by a
feedforward loop initiated by E-cadherin homophilic ligation

Adherens junctions (AJs) are multi-protein complexes formed by interaction of
Type 1 Cadherins on the surface of cells. E-cadherin (Epithelial-Cadherin) is typically
associated with AJs which define the apico-lateral polarity in epithelial cells. The
transmembrane receptor/scaffold — E-cadherin, forms a homodimer (Cailliez and Lavery,
2005). The homodimers associate in trans with E-cadherin on neighboring cells to form
AlJs. On the cytoplasmic tail, E-cadherin acts as a scaffold for a host of proteins including
the catenins: o, f and p120, and c-src (McLachlan et al., 2007). This protein complex is
in turn stabilized by a filamentous-actin (F-actin) ring. Specifically, B-actin knock down
studies showed a disruption in adherens junction assembly indicating that B-actin is a key
component of the actin anchored adherens junction complex (Baranwal et al., 2012). De
novo cell-cell contact in epithelial cells during the formation of AlJs results in RhoA

activation at the expanding contact (Yamada and Nelson, 2007). The increase in RhoA



activity is required for B-actin mRNA localization to the cell-cell contact sites (Gutierrez
et al., 2014). Further, active Src signaling at the assembling adherens junctions is
required for B-actin translation (Huttelmaier et al., 2005). This cell-cell contact localized
synthesis of B-actin provides a local pool of actin monomers resulting in linear filament
polymerization and subsequent anchoring of E-cadherin to these filaments (Gutierrez et
al., 2014). Briefly, epithelial adherens junction assembly occurs in three phases: contact
initiation, contact expansion and junction maturation (Baum and Georgiou, 2011). The
initial phase of de novo cell-cell contact is mediated by Rac and Arp2/3 mediated
lamellipodial extension (Zegers and Friedl, 2014) to sense the environment. This is
followed by a phase of RhoA activation at the expanding cell-cell contacts (Yamada and
Nelson, 2007). The resulting acto-myosin contractility (Ivanov et al., 2005) leads to E-
cadherin clustering at the sites of cell-cell contact. Finally during the junction maturation
phase, the cells polarize and the accumulating acto-myosin tension lifts the apical plasma
membrane giving epithelia their typical columnar shape (Harris et al., 2014).

Actin remodeling and adherens junction assembly are tightly coupled (Krendel
and Bonder, 1999; Wu et al., 2015). In fact, deregulation of actin filament polymerization
has been shown to cause adherens junction assembly defects, and conversely, actin
filament polymerization is required for cadherin mediated adherens junction assembly
(Vasioukhin et al., 2000). Additionally, cadherin mediated cell-cell contact has been
shown to regulate actin filament dynamics at the sites of contacts (Gloushankova et al.,
1997). The adherens junction complex and the cortical F-actin cytoskeleton are tightly
coupled via two tension sensitive proteins — a-catenin and vinculin (Drees et al., 2005;

Kobielak and Fuchs, 2004; le Duc et al., 2010; Twiss et al., 2012; Yonemura et al., 2010).



Additionally, the acto-myosin tension, mediated in epithelial cells by two non-muscle
myosin II isoforms: IIA and IIB, regulates epithelial adherens junction structure and

function (Ivanov et al., 2007; Smutny et al., 2010).

E-cadherin endocytosis: a key feature in epithelial adherens junction homeostasis
E-cadherin endocytosis and trafficking contribute significantly to adherens
junction dynamics (Bryant and Stow, 2004; Yap et al., 2007). In addition to maintaining
the turnover of adherens junction complex at steady state (de Beco et al., 2009;
Kowalczyk and Nanes, 2012), E-cadherin endocytosis is deregulated in cancer and causes
epithelial to mesenchymal transition and metastasis (Mosesson et al., 2008; Thiery,
2003). During de novo assembly of adherens junctions, endocytosis of E-cadherin that is
not engaged in a homophilic interaction acts to remove cell surface E-cadherin thus
contributing negatively to adherens junction assembly. The opposing positive regulator is
F-actin anchoring of E-cadherin. However, a detailed analysis of how these two opposing
forces balance each other to regulate adherens junction assembly has not been
investigated. In order to set about the business of studying this aforementioned problem,
one needs a robust quantitative tool to measure the extent of adherens junction anchoring
to the actin cytoskeleton following de novo cell-cell contact. De novo cell-cell contact can
be stimulated in epithelial monolayers by performing a calcium switch, whereby
chelation of extracellular calcium to disassemble the calcium sensitive adherens
junctions, followed by calcium repletion results in synchronous assembly of adherens
junction in the monolayer (Volberg et al., 1986). However, no simple yet robust

techniques exist for estimating the extent of adherens junction anchoring to F-actin. To
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this end, the first chapter in this thesis introduces a method that relies on fluorescence
covariance between E-cadherin and F-actin at cell-cell contacts. Utilizing Pearson’s
Correlation Coefficients (PCC), which are a measure of normalized covariance, between
E-cadherin and F-actin fluorescence, a measure termed Fluorescence Covariance Index to
estimate the extent of E-cadherin anchoring to F-actin was validated. This tool was then
used to study how spatially regulated B-actin translation and E-cadherin endocytosis

balance each other to control adherens junction assembly and epithelial barrier integrity.

Collective cell migration: an important biological phenomenon in development and
wound repair following injury

While calcium switch assays are excellent model systems to study the assembly
and disassembly dynamics of large groups of cells, they are however, poor
representations of physiological conditions. A model system that is physiologically more
relevant is collective cell migration in tissue culture models. Although conditions are far
from physiologically relevant in several cases, they are powerful models due to the
following reasons: cells can be plated on glass coverslips which can be coated with
various substrates and are excellent for imaging; cells grow as a single layer making it
easy to assess various properties such as traction forces on the substrate and last but not
least, they are technically less challenging to handle than complex 3D matrices or
embryos (Rorth, 2009). Putting collective cell migration in context, it is an important
mechanism underlying several biological processes such as gastrulation, border cell
migration during Drosophila oogenesis, neural crest migration in vertebrate development,

and epithelial wound healing to name a few. Dysregulation of collective cell migration is
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also detrimental to an organism in disease states such as cancer, where single
cell/streaming behavior has been shown to be required for EMT and metastasis (Bravo-
Cordero et al., 2012; Thiery and Sleeman, 2006). Several signaling molecules, actin
binding proteins and mRNAs, including but not limited to B-actin, have been shown to
differentially localize to the leading edge of a migrating cells (Maizels et al., 2015;
Mingle et al., 2005). However, the role of spatially regulated B-actin translation in
controlling leading edge dynamics as well as the cell-cell adhesions during epithelial
sheet migration have not been subject to any studies. In this thesis, chapter 4 explores the
extent to which spatially regulated B-actin translation governs actin filament dynamics at
the cell-cell adhesions during epithelial sheet migration following a model wound. These
experiments provide new insights into the role of compartmentalized B-actin translation

in establishing dynamic equilibrium to bring about collective cell migratory behavior.
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SPECIFIC AIMS

Specific Aim 1: To quantify the assembly and trafficking of the minimal cadherin-

catenin complex, and maturation of the adherens junctions in epithelial cells by
developing a fluorescence microscopy based covariance analysis.

Sub-aim 1A: To determine the extent to which E-cadherin and F-actin
fluorescence covariance measures adherens junction maturation in epithelia.

Sub-aim 1B: To quantify the formation and trafficking of the minimal cadherin-
catenin complex during adherens junction formation in epithelia.

Sub-aim 1C: To determine the extent to which a-catenin and F-actin covariance
correlates with established tension profiles in epithelia during adherens junction
formation.

Sub-aim 1D: To determine the extent to which E-cadherin and B-actin covariance

in live cells measures adherens junction formation and maturation.

Specific Aim 2: To determine the extent to which spatially regulated B-actin translation

balances E-cadherin endocytosis and anchoring to control the formation and maturation
of adherens junctions in 2-dimensional, and to what extent spatially regulated B-actin
translation determines 3-dimensional epithelial morphology.

Sub-aim 2A: To determine the extent to which spatially regulated [B-actin
translation affects adherens junction formation and maturation

Sub-aim 2B: To determine the extent to which inhibiting E-cadherin endocytosis

rescues adherens junction assembly defects caused by mislocalizing B-actin translation
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Sub-aim 2C: To determine the extent to which spatial regulation of endogenous -
actin translation is required to rescue adherens junction assembly by balancing E-
cadherin endocytosis in cells expressing exogenous B-actin with mislocalized translation.

Sub-aim 2D: To determine the spatial localization of newly synthesized B-actin
monomer in 3 dimensional epithelial cyst cultures.

Sub-aim 2E: To determine the extent to which, if any, mislocalizing B-actin

translation has on 3 dimensional epithelial morphogenesis.

Specific Aim 3: To determine the extent to spatially regulated B-actin translation affects

dynamics of collective cell migration in epithelial cells — an in vitro model for epithelial
wound repair and collective cell migration during development.

Sub-aim 3A: To determine the extent to which spatially regulated B-actin
translation affects protrusive activity in leader cells following model wounds in epithelial
sheets.

Sub-aim 3B: To determine the extent to which spatially regulated [-actin
translation affects collective epithelial sheet migration rates following model wounds in
epithelial sheets.

Sub-aim 3C: To determine the extent to which spatially regulated [-actin
translation affects actin dynamics at leader-follower cell pairs in epithelial sheets

following model wounds.
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CHAPTER 2: QUANTIFYING CADHERIN MECHANO-TRANSDUCTION
MACHINERY ASSEMBLY/DISASSEMBLY DYNAMICS USING LIGHT

MICROSCOPY AND FLUORESCENCE COVARIANCE ANALYSIS

INTRODUCTION

Fluorescence signal colocalization is widely used to assess protein complex
assembly (Bolte and Cordelieres, 2006). A number of global pixel intensity based
statistical methods provide options to quantify colocalization (Dunn et al., 2011). Two
such techniques, Manders Overlap Coefficient (MOC) and Manders Colocalization
Coefficients (MCC) (Manders et al., 1993), were developed to assess the degree of co-
occurrence or the relative fraction of overlap of two fluorescence signals, respectively.
However, both MOC and MCC analyses fail to reflect differences between bona fide
protein-protein complexes and overlapping fluorescence signals due to large voxel size
relative to the volume occupied by protein complexes. In addition, these coefficients are
significantly affected by threshold corrections and require several processing steps to
assign background values. Such corrections are especially tedious when working with
low intensity signals, such as during early stages of multiprotein complex assembly
(Adler and Parmryd, 2010). Protein complexes often maintain strict stoichiometry during
assembly, meaning individual components vary proportionally to other components. Karl
Pearson in 1896 introduced a correlation coefficient to study whether two variables
covary with each other (Pearson, 1896). The coefficient now termed Pearson’s

Correlation Coefficient (PCC), has been used as a pixel-by-pixel covariance analysis
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method to assess subcellular compartment specific protein complex assembly (Barlow et
al., 2010; Costes et al., 2004). Since PCC is a measure of covariance between two
fluorescent signals, it serves as a reliable tool to estimate whether two proteins are part of
a complex (Zinchuk et al., 2007). Unlike MOC and MCC measurements, PCC values
have the advantage of being insensitive to variations in the overall intensity of the two
fluorescent signals being analyzed. Work presented in this thesis demonstrates PCC
analysis can be applied to quantify epithelial adherens junction complex
assembly/disassembly dynamics.

De novo E-cadherin homophillic contact in Madin Darby Canine Kidney
(MDCK) epithelial cells triggers the formation of a multi-protein complex termed the
adherens junction complex. This complex is implicated as a mechano-transduction
machinery and is one of the defining features of a polarized epithelium (Ladoux et al.,
2015; Nagafuchi, 2001). Utilizing extracellular calcium concentration dependence of E-
cadherin function to initiate synchronized de novo adhesions (Volberg et al., 1986),
several aspects of assembly of the multi-protein complex were quantified. These include:
formation and trafficking of the minimal cadherin-catenin complex, anchoring of
cadherin complexes to the actin cytoskeleton, and correlating a-catenin/F-actin anchoring
dynamics to previously established tension profiles (Harris et al., 2014). Finally, this PCC
based approach is used to quantitate adherens junction complex assembly dynamics in
live cells with minimal computational costs and inexpensive image acquisition

equipment.
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RESULTS

Rational derivation of a fluorescence covariance based metric to assess cadherin
mechano-transduction complex assembly/disassembly

The cadherin mechano-transduction complex functions in part by coupling tissue
tension to cytoskeletal remodeling (Ladoux et al., 2015; Lecuit and Yap, 2015). E-
cadherin, B-catenin and a-catenin form the “minimal cadherin-catenin complex”, which
directly binds the actin cytoskeleton when subject to acto-myosin generated tension
(Buckley et al., 2014). Historically, multi-protein complexes thought to be important for
epithelial cell-cell adhesion were studied using biochemical assays (Curtis et al., 2008;
Hinck et al., 1994). Alternatively, sub-cellular localization of individual complex
components has been assessed by immunofluorescence microscopy where complex
assembly is indicated by co-localization of two or more components. A simplistic method
to assess co-localization is to use line scan analysis, where the intensity of two or more
fluorescently labelled components of the complex along a user defined line is plotted as a
function of distance. For instance, line scan analysis in MDCK cells 3 hours following de
novo epithelial cell-cell contact shows E-cadherin, B-catenin and F-actin fluorescence
signal overlap at cell-cell contact sites. This is observed as a co-localization of
fluorescence intensities at these sites (Figure 1A). The resulting intensity profiles show
overlap in fluorescence peak intensities at the cell-cell contacts indicating the formation
of adherens junction complexes at these sites (Figure 1A, line profile I). However,
results of line scan analyses depend on the user defined position of the analysis line.

Analyzing line scans across different diameters of a cell indicate absence of one or more



17

components of the adherens junction complex along the cell-cell interfaces (Figure 1A,
line profile II and III). This variation stems from inherent heterogeneity in distribution of
adherens junction complexes along cell-cell interfaces in any given optical section
(Cavey et al., 2008). Additionally, the entire lateral interface of contacting epithelial cells
is not created equal, translating to differences in distribution of adherens junction
complexes along the lateral interfaces (Wu et al., 2014). This is seen as variations in peak
fluorescence intensities and overlaps using line scan profiles of analogous lines across
multiple optical sections (Figure 1B compare with optical section in Figure 1A).
Calculating co-localization or overlap coefficients (Manders et al., 1993) using the entire
volume occupied by the lateral interface circumvents most of the problems inherent to
one dimensional line scans. However, overlap coefficients cannot discriminate between
bona fide protein-protein interactions and overlap of two fluorescence signals in the same
voxel. Given the voxel size is significantly larger than the size of a single cadherin-
catenin complex (Ishiyama and Ikura, 2012), calculating Mander’s Overlap Coefficients
(MOC) (Materials and Methods, Equation 2) will result in erroneously overestimating
complex assembly. However, quantifying fluorescence signal covariance using Pearson’s
Correlation Coefficients (PCC) (Materials and Methods, Equation 3) (Barlow et al.,
2010) at cell-cell contacts for E-cadherin and F-actin measures the extent of their
association, given the two molecules form a macromolecular complex.
MOC and PCC values were estimated for three different combinations of
molecules:
1. As a negative control, Transferrin receptor (TfR) and F-actin; which have little

interaction in any given sub-cellular compartment.
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2. As a positive control, B-catenin immunostained by two antibodies with
overlapping epitopes; which should have a near complete overlap and covariance
in all sub-cellular compartments.

3. E-cadherin and F-actin; which form a complex at a specific subcellular
compartment — the cell-cell interfaces.

MOC and PCC values are calculated for each cell in two regions — cytoplasm and
cell-cell contact (Figure 2A). Negative PCC values for TfR and F-actin at cell-cell
contacts indicate mutual exclusion of the two signals. This is expected due to the
presence of a significant distribution of actin at cell-cell contacts, while TfR is randomly
distributed throughout the cell periphery. MOC values for TfR show a small degree of
co-occurrence of the two signals as would be expected for two fluorescence signals that
show little overlap (Figure 2B, TfR:F-actin at cell-cell contacts). However, PCC values
for the positive control, B-catenin stained with two antibodies, show very strong
correlation at cell-cell contacts. The MOC values are also high for the two fluorescence
signals as would be expected for signals from overlapping epitopes (Figure 2B, B-
catenin:B-catenin at cell-cell contacts). E-cadherin and F-actin, which are both part of the
adherens junction at cell-cell contacts show strong correlation values similar to the
positive control. MOC values for E-cadherin and F-actin indicate a great degree of
overlap of the two molecules at the cell-cell contacts. However, while the MOC values
only indicate the degree of overlap, the PCC values indicate the nature of association. For
instance, F-actin and TfR are mutually excluded at cell-cell contacts, while E-cadherin
and F-actin are strongly associated with each other at cell-cell contacts (Figure 2B). In

the cytoplasmic compartment, where TfR and F-actin are both randomly distributed, PCC
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values show a “very weak” correlation and MOC values indicate weak overlap of the two
signals. In contrast, B-catenin signals localized to the perinuclear ER-golgi like
distribution show strong correlation and overlap, as expected from antibodies recognizing
overlapping epitopes. Importantly, the PCC and MOC values for E-cadherin and F-actin
in the cytoplasm are low, resembling randomly distributed signals of TfR and F-actin in
this compartment (Figure 2B, cytoplasm). These results demonstrate the proof of
principle that using PCC values reveals the nature of association between two molecules,
whether they are strongly associated, very weakly associated or mutually excluded.

In order to study the behavior of the cell populations as opposed to single cells,
frequency plots of PCC values for the above three combinations of molecules in multiple
cells were graphed (for estimation of bin size, see Materials and Methods, Statistical
Analysis). The distribution for E-cadherin and F-actin in cytoplasmic compartment is
centered at 0, resembling that of TfR and F-actin. However, the frequency plot for the
two B-catenin signals was significantly biased toward higher correlations (Figure 3A).
Since the two B-catenin signals in the perinuclear compartment recognize the same
molecule, the high correlations are expected. In contrast, frequency plot of PCC values
for TfR and F-actin at cell-cell contacts shows a distribution centered at 0, while the
frequency plot for E-cadherin and F-actin is biased towards high correlations resembling
that of the two B-catenin signals (Figure 3B). These results demonstrate a substantial
proportion of cells have E-cadherin and F-actin in a complex at cell-cell contacts, while
the two molecules have very little interaction in the cytoplasm.

To obtain a single metric quantifying the extent of adherens junction maturation

taking into account cell-cell contact and cytoplasmic correlations (or lamellapodial
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overlap containing lateral/en face adhesions; for a more detailed explanation of en face
adhesions see section on a-catenin and F-actin below), the ratio of PCC values at cell-cell
contacts to PCC values in the cytoplasm for E-cadherin and F-actin was logarithm
transformed (Materials and Methods, Equation 4). This measure, termed Fluorescence
Covariance Index (FCI) quantifies relative asymmetry in correlation between the two
compartments: cell-cell contacts and cytoplasm. FCI values given by Equation 4 have no
bounds and are susceptible to large variations depending on the relative PCC values
between the two compartments being analyzed. Since, FCI measures the asymmetry in
correlations between the two compartments, PCC values lower than 0.1 were reassigned
to 0.1, a value representing “very weak” correlation. Thresholding PCC values constrains
FCI values to the range: -1 to +1 and eliminates undefined values due to negative PCCs.
Importantly, PCC values between than 0.1 and O carry little biological significance
justifying the thresholds applied to measure the relative asymmetry in covariance
(Barlow et al., 2010; Zinchuk et al., 2013). FCI values between -1 and 0 signify higher
PCCs in the cytoplasm, while values between 0 and +1 signify higher PCCs at cell-cell
contacts. Thus, FCI values indicate the relative contribution of positive correlations at
cell-cell contacts and in the cytoplasm, providing a single number to assess the extent of
apical and lateral/en face adherens junctions.

To test the effects of setting a threshold on PCC values, frequency distributions of
PCC values in multiple cells were re-plotted after setting thresholds for the three
combinations of molecules mentioned above: TfR and F-actin, B-catenin stained with two
antibodies with overlapping epitopes, and E-cadherin and F-actin. The frequency plots

for PCC values in both cellular compartments for the two P-catenin signals, and E-
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cadherin and F-actin remain largely unaffected after setting the threshold. However, the
distribution for TfR and F-actin show a significant right shift since the two molecules
were mutually excluded (large negative PCC values) in several cells (Figure 3C, D). The
frequency distributions of FCI values for the three combinations of molecules were
plotted to determine which combination show a relative asymmetry in covariance in the
two sub-cellular compartments. TfR and F-actin show very weak covariance in both
compartments, and the two -catenin signals are highly correlated in both compartments
(Figure 3E, green and red bars). The FCI distributions for these two combinations are
centered at 0 representing a “null hypothesis” or no asymmetry in covariance between the
two sub-cellular compartments. In contrast, E-cadherin and F-actin show a right shifted
distribution, indicating a cell-cell contact biased asymmetry in E-cadherin and F-actin
association owing to adherens junction maturation (Figure 3E, black bars). Additionally,
upon chelation of extracellular calcium, E-cadherin and F-actin FCI distribution shifts to
the left, resembling the null hypothesis distribution. This stems from a disassembly of
adherens junction complex upon chelation of extra-cellular calcium, resulting in a loss of
asymmetry in correlation between the two molecules. While steady state cells have =
49% FCI values ranging between 0.5 and 1.0, only = 1% of FCI values fall within this
range upon calcium chelation (Figure 3E, grey bars). These results establish the
derivation of FCI values, and the dynamic range of the metric to assess adherens junction
assembly: adherens junction maturation is represented if the frequency of cells with FCI
values for E-cadherin and F-actin in 0.5 — 1.0 range is > 45%; and adherens junction

disassembly is indicated by a frequency distribution biased towards 0.0 — 0.5 range.
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Figure 1: Variability in assessing adherens junction assembly using fluorescence
overlaps from line scans.

(A) Optical section of MDCK cells 3 hours after calcium repletion immunostained for E-
cadherin (red), F-actin (green) and B-catenin (blue). (B) Optical section 0.48um below
section in A. Graphs show intensity plots along analysis lines I, I, and III in the optical
section in A and along the analogous lines I', II" and III' in the optical section in B. Y-axis
represents Intensity (a.u.) and X-axis represents Distance (um, values omitted from
graph). I would like to acknowledge Lissette Cruz for acquiring the images shown in

panel A and B.
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Figure 2: Defining cell-cell contact and cytoplasmic compartments to measure and
compare PCC and MOC values for interacting and non-interacting protein pairs.

(A) Immunofluorescence image for E-cadherin in MDCK cells 2 hours after calcium
repletion with ROI indicating the peripheral compartment (Green region) and the
cytoplasmic compartment (Inside the cell excluding the region in the periphery and
nucleus (not shown)). Scale bar = 20um. (B) Top panel: Images representing MDCK
cells in steady state immunostained for: Left: F-actin (Red) and transferrin receptor
(Green). Middle: F-actin (Red) and E-cadherin (Green), and Right: B-catenin (Rabbit
polyclonal) and B-catenin (Mouse monoclonal, Clone:14). Bottom panel: positive and
negative Product of Difference from Mean maps: +PDM (yellow) and —PDM (cyan)
maps for the images shown in top panel. Table: Calculated Mander’s Overlap
Coefficients (MOCs) and Pearson’s Correlation Coefficients (PCCs) for the cells shown
in B. Scale bar = 10um. I would like to acknowledge Lissette Cruz for help with making

and organizing the images shown in panel B.
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Figure 3: Frequency distributions of PCC values at cell-cell contacts and cytoplasm
and the corresponding FCI frequency distributions for interacting and non-
interacting protein pairs. Frequency distributions of (A, B) unthresholded and (C, D)
thresholded PCC values in: cytoplasm (A, C) and cell-cell contact zone (B, D). Values
for: TfR and F-actin are shown as red bars, for B-catenin (Rabbit polyclonal) and -
catenin (Clone:14) are shown as green bars, and for E-cadherin and F-actin are shown as
black bars. Bin width = 0.15. The cells were fixed and immunostained in steady state. (E)
Frequency distributions of FCI values for: TfR and F-actin are shown as red bars, two
signals for B-catenin are shown as green bars, and E-cadherin and F-actin are shown as
black bars (without calcium chelator, EGTA) and grey bars (with 4mM EGTA treatment
of cells at steady state for 1 hour). Bin width = 0.3. (A-E) N (sample size) values are as
follows: Tfr:F-actin = 113, B-catenin:B-catenin = 130, E-cadherin:F-actin in steady state

N =78, and after calcium chelation for 1 hour N = 78.
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Optimizing image acquisition and processing parameters for FCI measurements

In order to carry out a quantitative assessment of fluorescence covariance across
multiple optical sections and include the entire 3-dimensional volume of the cell, Z-
stacks were acquired using a high Quantum Efficiency CCD camera. Out-of-focus
contributions due to widefield acquisition were reassigned and images were restored
using the Constrained Iterative Maximum Likelihood Algorithm for deconvolution
(Figure 4) (Bolte and Cordelieres, 2006; Schaefer et al., 2001). Since a change in
absolute fluorescence intensity of either one or both of the signals does not affect PCCs, a
linear normalization function was applied (Materials and Methods, Equation 5).
However, noisy images show high PCC values due to an inability to accurately converge
on a solution by the image restoration algorithm (Adler and Parmryd, 2010). Therefore,
images with a low Signal-to-Noise Ratio (SNR) result in high cytoplasmic PCCs arising
from signal (or more accurately, noise) overlap rather than lateral/en face adhesions, and
ultimately underestimating the extent of complex assembly at cell-cell contacts. Exposure
times were reduced up to ten fold to obtain images with low SNR and the resultant FCIs
for E-cadherin and F-actin were measured (Figure 5A). Lowering the exposure times
reduces the proportion of cells with high (0.5 — 1.0) FCI values (Figure 5B). Only a 10
fold reduction in exposure time shows a substantial drop in FCI values (= 37% in 0.5 —
1.0 range for 10 fold reduction in intensity and > 45% for all other exposure times),
indicating FCI measurements can tolerate small changes in signal intensity but are
sensitive to very noisy images (Figure 5C).

Another image processing parameter which could potentially effect FCI

measurements is the degree of image restoration by deconvolution. This was tested by
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varying the deconvolution ‘“strength” parameter, thereby increasing stringency and
decreasing out-of-focus contribution in the original image (Sun, 2007). Low stringency
deconvolution generates images with significant out-of-focus contribution due to poor
image restoration (Figure 6A). This results in a lower proportion of cells with high FCI
values. Better image restoration correlates with an increase in the frequency of high FCI
values (Figure 6B, =~ 34% in 0.5 — 1.0 range for high image noise and > 45% for all other
strength settings). However, there was no significant change in FCI values when images
were restored with medium, high or very high stringency (Figure 6C). These data
demonstrate FCI values exhibit minimal variation for a wide range of image restoration

parameters.
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Figure 4: From image acquisition to data analysis: Work flow for FCI analysis.
Workflow for FCI analysis depicting: image acquisition, processing and analysis steps.
Z-stacks are acquired at Nyquist sampling criteria for fixed cells (35 steps of 0.24 um
thickness each to span the entire lateral surface of the cell) and under sampling for live
cells (3 steps at 3 pum interval between neighboring steps to reduce photo-toxicity).
Following acquisition, image deconvolution was carried out using constrained iterative
maximum likelihood algorithm. PCC values were computed for defined ROIs — cell-cell

contact and cytoplasm. FCI values were extracted and plotted.
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Figure S: FCI measurements for E-cadherin and F-actin are positively correlated
with image exposure times. (A) Optical sections of MDCK cells in steady state
immunostained for E-cadherin (Right panel, Red) and F-actin (Left panel, Green).
Images were acquired using the following exposure times. Top:Bottom — 50ms (green)
and 200ms (red); 50ms (green) and 100ms (red); 25ms (green) and 200ms (red); Sms
(green) and 20ms (red). Each image was contrast adjusted such that 1% of all pixels fell
to the highest value and 1% fell to the lowest value. Insets: Histograms for the intensity
distribution and the line corresponding to the contrast adjustment’s highest and lowest
gray level. Scale bar = 10um. (B) Frequency distributions of FCI values for E-cadherin
and F-actin with images acquired using different exposure times. Red box indicates the
percentage of high FCI values (0.5 — 1.0) for each case. Bin width = 0.3. (C) Student’s t-
test was performed for individual pairs of data: Ir (red intensity = E-cadherin), Ig (green
intensity = F-actin). Images acquired with 10-fold reduced exposure times (Iz/10, Ic/10)
had significantly lower FCI values as indicated by the t-tests (Ig, Ig: p = 0.0087; Ig, I5/2:
p = 0.0020; Iz/2, Ig: p = 0.018). Error bars represent mean + 95% CI. N (sample size) =
30 cells per set of exposure times. I would like to acknowledge Lissette Cruz for

acquiring the images shown in panel A and calculating the PCC values.
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Figure 6: FCI values for E-cadherin and F-actin are positively correlated with the
degree of image restoration. (A) Optical sections of MDCK cells in steady state stained
for E-cadherin (red) and F-actin (green) processed with varying deconvolution “strength”
parameter. Scale bar = 10um. (B) Frequency distributions of FCI values for E-cadherin
and F-actin with different deconvolution strength settings. Red box indicates the
percentage of high FCI values (0.5 — 1.0) for each case. Bin width = 0.3. (C) Mean FCI
values data in B. The result of a non-parametric Kruskal-Wallis test gives a p value <
0.0001 and the results of Dunn’s post-hoc multiple comparison test are indicated on the
graph (*** p < 0.001, *p < 0.1, ns: not significant). N (sample size) = 150 for each
strength setting. I would like to acknowledge Lissette Cruz for acquiring the images

shown in panel A and calculating the PCC values.
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Adherens junction assembly/maturation occurs over a period of 3 hours following
de novo cell-cell contact

Synchronized de novo cell-cell contacts were initiated using a calcium repletion
assay (Volberg et al., 1986). There is a progressive increase in E-cadherin fluorescence
intensity and co-localization with F-actin fluorescence intensity at cell-cell contacts as
adherens junctions are assembled (Figure 7A). Correspondingly, frequency distribution
of PCC values shows an increasing proportion of cells with higher PCCs for E-cadherin
and F-actin at cell-cell contacts from 1 through 3 hours after calcium repletion indicating
adherens junction assembly (Figure 7B). Conversely, PCC values for E-cadherin and F-
actin in the cytoplasm are low following calcium repletion (Figure 7C), demonstrating
little E-cadherin and F-actin association in the cytoplasm. To further validate the extent to
which PCC values for E-cadherin and F-actin reflect adherens junction assembly, E-
cadherin homophillic binding was perturbed using E-cadherin function blocking
antibodies during calcium repletion (Vestweber and Kemler, 1985). Under these
conditions, the cells fail to progressively accumulate E-cadherin at the cell-cell contacts
and show significant intercellular overlaps following calcium repletion (Figure 7D).
Intriguingly, PCC values at cell-cell contacts show a significant increase between 1 and 2
hours after calcium repletion with E-cadherin function blocking antibody. However, 3
hours after calcium repletion with E-cadherin function blocking antibody, the frequency
distribution of PCC values shifts significantly to the left, indicating cells fail to undergo
adherens junction maturation (Figure 7E). Additionally, significant lamellipodial overlap
after calcium repletion, results in high PCC values for E-cadherin and F-actin in the

cytoplasm (Figure 7F).
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Consistent with adherens junction assembly in control conditions, there is a
progressive increase in the proportion of cells with high FCI values following calcium
repletion over a period of 3 hours (Figure 8A). 3 hours after calcium repletion, the
proportion of cells with high FCI values is comparable to that at steady state (= 46% at 3
hours following calcium repletion compared to = 49% at steady state), indicating de novo
adherens junction assembly and maturation occurs within this time frame as supported by
previous reports (Gutierrez et al., 2014) (Figure 8B). Finally, frequency distribution plots
of FCI values for E-cadherin and F-actin during the entire course of a calcium repletion
experiment were fit to Gaussian distributions and show a progressive increase in mean
FCI values. The mean of the distribution at 3 hours following calcium repletion overlaps
with the steady state value (Figure 8C). However, cells treated with E-cadherin function
blocking antibody fail to reach steady state proportion of high FCI values for E-cadherin
and F-actin (= 31% at 3 hours following calcium repletion with E-cadherin function
blocking antibody compared to = 49% at steady state), indicating an inability to mature
adherens junctions (Figure 8D). These results demonstrate FCI analysis for E-cadherin
and F-actin is sensitive to E-cadherin function, and the frequency of high FCI values
provides a quantitative measure of adherens junction assembly/disassembly dynamics in

epithelial monolayers.
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Figure 7: E-cadherin and F-actin correlations at cell-cell contacts increase in an E-
cadherin function dependent manner following de novo cell-cell contact. (A)
Top:Bottom: Optical section of MDCK cells 1 hour, 2 hours and 3 hours after calcium
repletion immunostained for E-cadherin (red) and F-actin (green). Scale bars = 10um. (B,
C) Frequency distributions of PCCs with bin size of 0.15 for E-cadherin and F-actin: (B)
at cell-cell contacts, and (C) in the cytoplasm. N (sample size) values: 1 hour = 74, 2
hours = 65 and 3 hours = 78. (D) Optical sections of MDCK cells 1, 2 and 3 hours after
calctum repletion with DECMA-1 (E-cadherin function blocking antibody)
immunostained for E-cadherin (red) and F-actin (green). Scale bars = 10um. (E, F)
Frequency distributions of PCCs with bin size of 0.15 for E-cadherin and F-actin: (E) at
cell-cell contacts and (F) in the cytoplasm. N (sample size) values: 1 hour = 56, 2 hours =
52 and 3 hours = 41. I would like to acknowledge Lissette Cruz for acquiring the images

shown in panel A and calculating the PCC values.
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Figure 8: Quantifying adherens junction assembly/disassembly dynamics using FCI
analysis of E-cadherin and F-actin. (A) Frequency distributions of FCI values for E-
cadherin and F-actin in multiple cells during a calcium repletion experiment. Red box
indicates percentage of cells with high FCI values (0.5 — 1.0) at 1, 2 and 3 hours after
calcium repletion. (B) Mean FCI values for data in (A). Bars represent mean = 95% CI. A
Kruskal-Wallis test (excluding low calcium data set) yielded a p value < 0.0001 and

Dunn’s post-hoc multiple comparison test results are indicated on the graph (*** p <

0.001, ns: not significant). (C) Gaussian best fits of the frequency distributions in (A). R2
values: steady state: 0.9575, low calcium: 0.9994, after calcium repletion: 1 hour: 0.9808,
2 hours: 0.9988, 3 hours: 0.9371. (D) Frequency distributions of FCI values for E-
cadherin and F-actin in multiple cells during a calcium repletion experiment with E-
cadherin function blocking antibody. Red box indicates percentage of cells with high FCI

values (0.5 — 1.0) at 1, 2 and 3 hours after calcium repletion.
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E-cadherin at cell-cell contacts progressively switches to adhesion activated isoform
during adherens junction maturation

E-cadherin exists in various conformational states, whose abundance depends on
several factors including the presence of extracellular calcium, and the phosphorylation
state of pl20-catenin. These isoforms can be distinguished by different antibodies
(Petrova et al., 2012). DECMA-1 is a rat monoclonal E-cadherin function blocking
antibody that binds to an extracellular domain of the protein in the presence of calcium,
while the mouse monoclonal antibody clone 36 (from BD Biosciences) detects adhesion
activated E-cadherin (Chen and Chen, 2009). Activation of E-cadherin to an adhesion
competent conformation exposes the cytoplasmic epitope for the clone 36 mouse
monoclonal antibody (Petrova et al., 2012). In order to determine the extent of adhesion
activated E-cadherin at cell-cell contacts during adherens junction assembly and
maturation, E-cadherin was double labeled with DECMA-1 and clone 36 antibodies
during a calcium repletion experiment. Cells in steady state show a significant proportion
of E-cadherin present at the cell-cell contacts stained by DECMA-1 is in fact adhesion
activated, and is co-stained by clone 36 antibody (Figure 9A, steady state). However,
during adherens junction formation following calcium repletion, DECMA-1 staining
localizes to cell-cell contacts to a greater extent than clone 36 antibody staining (Figure
9A, calcium repletion), Additionally, a progressive increase in clone 36 antibody staining
at cell-cell contacts is observed during calcium repletion, indicating E-cadherin becomes
adhesion activated during the assembly of adherens junctions. In order to determine the
extent of covariance between F-actin and E-cadherin stained with either DECMA-1 or

clone 36, cells were co-labelled with fluorescently tagged phalloidin. A map of the
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positive Product of Differences from Mean (+PDM) shows higher correlations in the cell-
cell contact zone between DECMA-1 and F-actin compared to clone 36 and F-actin
(Figure 9A’ arrows). Correspondingly, PCCs at the cell-cell contact sites between clone
36 and F-actin, and DECMA-1 and F-actin show a small but significant variation at all
time points during calcium repletion (Figure 9B). Since clone 36 only recognizes
adhesion activated E-cadherin, which is a subset of the E-cadherin present at cell-cell
contacts, the PCC values between clone 36 and F-actin are lower than those between
DECMA-1 and F-actin. Adhesion competent (or activated) E-cadherin is required to
anchor adherens junctions to F-actin. Hence, clone 36 antibody was used to assess the
covariance of E-cadherin and F-actin and the corresponding FCI values (Figures 1-8)
were used as a measure of adherens junction assembly/disassembly.

As a corollary to the above results, the extent of E-cadherin that was adhesion
activated at cell-cell contacts during adherens junction assembly was assessed. An
increasing correlation is observed between E-cadherin fluorescence intensities detected
with clone 36 and DECMA-1 during adherens junction assembly and maturation (Figure
10). This indicates that E-cadherin localized to the cell-cell contacts during the initial
phases of adherens junction assembly is largely adhesion inactive. The gradual increase
in correlation between DECMA-1 and clone 36 staining at cell-cell contacts indicates a
significant proportion of E-cadherin switches to an adhesion activated from following its

localization to cell-cell contacts.
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Figure 9: Detection of adhesion activated E-cadherin during de novo adherens
junction assembly. (A) Left to right: Optical sections representing MDCK cells in
steady state; and 1 hour, 2 hours and 3 hours after calcium repletion. Top to bottom:
Immunostaining with clone 36 mouse monoclonal antibody, DECMA-1 rat monoclonal
antibody, and F-actin. (A") +PDM maps for images shown in (A). Top panel: clone 36
and F-actin; Bottom panel: DECMA-1 and F-actin. White arrows point to areas with low
signal for clone 36, and correspondingly a low covariance with F-actin compared to
covariance between DECMA-1 and F-actin. (B) Changes in PCC values at cell-cell
contacts for E-cadherin and F-actin during a calcium switch experiment. Solid bars:
Clone 36 and F-actin; Patterned bars: DECMA-1 and F-actin. N (sample size) values:
Steady state = 123, 1 hour = 113, 2 hours = 115 and 3 hours = 120. Independent student’s
t-test with Welch’s correction was performed for individual pairs of data (* p < 0.05,
*a#E p < 0.0001). Error bars represent mean + 95% CI. I would like to acknowledge

Lissette Cruz for help with organizing the images shown in panel A and A’.
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Figure 10: Correlation analysis between adhesion activated and total E-cadherin at
cell-cell contacts during de novo adherens junction assembly. Pearson’s Correlation
Coefficients for E-cadherin stained with clone 36 and DECMA-1 following calcium
repletion. A Kruskal-Wallis test gave p < 0.0001. Dunn’s post-hoc multiple comparison
test results with *** p <(0.001 are indicated on the graph. N (sample size) values: steady

state = 123, 1 hour = 113, 2 hours = 115 and 3 hours = 120.



48

Fluorescence covariance analysis quantifies minimal cadherin-catenin complex
assembly in the perinuclear cytoplasm and subsequent accumulation at cell-cell
contacts following de novo contact

E-cadherin binds P-catenin, which then binds o-catenin in the ER-golgi
compartments prior to its trafficking to the baso-lateral surface of contacting epithelial
cells (Chen et al., 1999; Curtis et al., 2008; van Roy and Berx, 2008). A significant
proportion of E-cadherin localizes with B-catenin and a-catenin in the cytoplasm and
correspondingly, positive correlations are observed in this compartment between E-
cadherin and B-catenin, and E-cadherin and a-catenin, at 1 and 2 hours following calcium
repletion (Figure 11A and B, 1 and 2 hours). Conversely, increasing co-localization
between E-cadherin and B-catenin, and E-cadherin and a-catenin is observed along with
increasing positive correlations for the two combinations of molecules at cell-cell
contacts from 1 through 3 hours after calcium repletion (Figure 11A, B). Also, positive
cytoplasmic correlations progressively reduced, which together with the increase in
correlations at cell-cell contacts indicate trafficking of the minimal cadherin-catenin
complex from the perinuclear biosynthetic compartment to sites of adherens junction
assembly. Frequency distribution plots of FCI values for the cadherin-catenin complexes
show a progressive increase in the accumulation of cadherin-catenin complexes at the
cell-cell contacts (Figure 11C, D). These data indicate FCI values can be used to track
the localization of pre-assembled minimal cadherin-catenin complexes from the
perinuclear cytoplasm to the cell-cell contacts.

Microtubules are known to interact with adherens junction complexes with a

geometry perpendicular to the actin filaments at these intercellular junctions (Bellett et
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al., 2009; Harris and Tepass, 2010; Ligon et al., 2001; Shaw et al., 2007; Takeichi, 2014).
The microtubule network at cell-cell contacts is significantly less dense than the cortical
F-actin network (Figure 12A, a-tubulin staining in steady state, compare with Figure 2B
F-actin staining). This suggests that the extent of correlation between microtubules and
adherens junction components should be significantly lower than F-actin and adherens
junction components. As per the prediction, MDCK cells in steady state show some
positive correlations between B-catenin and a-tubulin at cell-cell contacts. However, the
extent of this correlation is much lower than between E-cadherin and F-actin (Figure
12A compare +PDM map at steady state to Figure 2B +PDM map for E-cadherin and F-
actin). Interestingly, 1 hour following calcium repletion, punctate positive correlations for
B-catenin and a-tubulin are observed in the cytoplasm (Figure 12A 1 hour, arrowheads).
These cytoplasmic correlations decrease 2 and 3-hours after calcium repletion (Figure
12A, B). Given cadherin-catenin complexes are assembled in the perinuclear cytoplasm
following translation (Chen et al., 1999; Curtis et al., 2008), the positive correlation of [3-
catenin with o-tubulin in the cytoplasm 1 hour following calcium repletion likely
represents cadherin-catenin complexes being trafficked along microtubules. Most cells
show little positive correlation between a-tubulin and B-catenin at cell-cell contact sites
through the course of calcium repletion for 3 hours (Figure 12C). Some punctate positive
correlations were observed at a few cell-cell contacts 3 hours after calcium repletion
(Figure 12A, 3 hour), but the overall correlation coefficients were low (Figure 12B, C).
Lastly, frequency distribution plots of FCI values for B-catenin and a-tubulin fit normal
distributions centered at zero for low calcium, 1, 2 and 3-hours after calcium repletion. A

small positive mean FCI value for steady state distribution demonstrates microtubules
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associate with adherens junctions, albeit on a slower time scale and to a lesser extent than
actin filaments (Figure 12D). The following four conclusions can be drawn from these
results. First, microtubule and adherens junction interactions require longer time scales
than adherens junctions anchoring to actin. Second, the extent of microtubule and
adherens junction interaction is lower than F-actin and adherens junction interaction at
cell-cell contacts. Third, the minimal cadherin-catenin complex assembles in the
perinuclear cytoplasm, and likely traffics on microtubules before reaching the cell-cell
contact. Lastly, given the frequency distributions of FCI values for a-tubulin and B-
catenin are all almost perfectly centered at zero, the right shift seen in the frequencies of
FCI values for the cadherin-catenin complexes represents a biologically significant
accumulation of these complexes at the cell-cell contacts, in spite of the very low

frequency of high FCI values (Figure 11C, D).
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Figure 11: Quantifying perinuclear association and subsequent cell-cell contact
localization of the minimal cadherin-catenin complex (E-cadherin, p-catenin and a-
catenin). (A) Top panel: Optical sections of MDCK cells in 1 hour, 2 hours and 3 hours
after calcium repletion immunostained for E-cadherin (red) and p-catenin (green);
Bottom panel: +PDM maps for the images shown in the top panel. (B) Top panel:
Optical sections of MDCK cells in 1 hour, 2 hours and 3 hours after calcium repletion
immunostained for E-cadherin (red) and a-catenin (green); Bottom panel: +PDM maps
for the images shown in the top panel. Scale bar = 10um. (C) Frequency plots of FCI
values for E-cadherin and B-catenin at 1 hour (N = 74), 2 hours (N = 65) and 3 hours (N =
78) after calcium repletion. (D) Frequency plots of FCI values for E-cadherin and a-
catenin at 1 (N = 90), 2 hours (N = 95) and 3 hours (N = 63 cells) after calcium repletion.
Bin width = 0.3. Red boxes indicate the percentage of high FCI values (0.5 — 1.0) for
each case. I would like to acknowledge Lissette Cruz for acquiring the images shown in

panel A and calculating PCC values for the same.
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Figure 12: Quantifying o-tubulin and B-catenin interactions during adherens
junction assembly. (A) Top panel: Optical sections of MDCK cells in steady state, 1, 2
and 3 hours after calcium repletion immunostained for a-tubulin (green) and B-catenin
(red). Scale bar = 10um. Bottom panel: +PDM maps for the images shown in the top
panel. Arrowheads in 1 hour calcium repletion indicate punctate positive correlations in
the cytoplasm. (B, C) Frequency distributions of PCC values for -catenin and o-tubulin
in: (B) cytoplasm and (C) cell-cell contact, during a calcium repletion experiment. Bin
width = 0.15. (D) Gaussian best fit plots of FCI frequency distributions for a-tubulin and
B-catenin during a calcium switch. Bin width = 0.3. N (sample size) value for each time
point was 30. I would like to acknowledge Lissette Cruz for acquiring the images shown

in panel A and calculating PCC values.
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FCI analysis of a-catenin and F-actin correlates with established tissue tension
profile during assembly and maturation of adherens junctions

a-catenin is a tension sensitive component of two intercellular adhesion systems:
adherens junctions and tight junctions (Buckley et al., 2014; Rajasekaran et al., 1996;
Rajasekaran and Rajasekaran, 2003; Takeichi, 2014; Yonemura et al., 2010). In a
polarized epithelial tissue, adherens junctions are subject to a circumferential myosin 1B
dependent tension restricted to the apical region (Yonemura et al., 2010) and myosin IIA
dependent tension along the baso-lateral membrane (Wu et al., 2014). As a result, the
baso-lateral plasma membranes develop protrusions which contain what appear as
lateral/en face adherens junctions (Wu et al., 2015; Yonemura et al., 1995). On the other
h, and during the initial phases of adherens junction assembly, cells form lamellar
overlaps which contain adherens junction components. These nascent adhesion
complexes are then trafficked in a basal-to-apical manner as cells lift and polarize (Hong
et al., 2010; Kametani and Takeichi, 2007). Atomic force microscopic measurements in
an assembling epithelial monolayer have shown that myosin II dependent tension peaks
between 2 and 3 hours following calcium repletion (Harris et al., 2014). The two tension
profiles, myosin IIB dependent apical and myosin IIA dependent baso-lateral tension
components balance each other resulting in the formation of a polarized columnar
epithelium. In view of these findings and evidence that a-catenin binding to F-actin is
tension sensitive, cells were co-stained for a-catenin and F-actin and FCI analysis was
carried out to determine the dynamics of interactions between these two molecules during
de novo adherens junction assembly. Positive correlations in the cytoplasm are observed

at steady state, 1 and 3 hours after calcium repletion, which appear as contributions from
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lamellar overlaps and lateral adhesions, respectively (Figure 13A arrowheads in +PDM
maps). However, 2 hours after calcium repletion cells show significantly less cytoplasmic
correlations (Figure 13A, 2 hours). Additionally, calcium chelation results in loss of high
frequency FCI values (= 36% at steady state compared to 0% in low calcium) indicating
disassembly of adherens junction complexes results in decoupling of a-catenin and F-
actin interaction (Figure 13B). The proportion of cells with high FCI values for a-catenin
and F-actin is greatest at 2 hours following calcium repletion (Figure 13C, = 40% at 2
hours compared to = 12% and =~ 28% at 1 and 3 hours, respectively). This increase is due
to a corresponding decrease (left shift in frequency plot) in cytoplasmic PCC values
(Figure 13D). Although PCC values at cell-cell contacts during steady state and 3 hours
after calcium repletion are slightly right shifted compared to 2 hours after calcium
repletion (Figure 13E), the contribution from lateral adhesions appearing in the
cytoplasmic compartment following polarization decrease the corresponding FCI values.
These data demonstrate FCI values of a-catenin and F-actin correlate with established
tension profiles during the assembly and maturation of adherens junctions (Figure 13F,

G).
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Figure 13: Quantifying a-catenin and F-actin interactions during de novo adherens
junction assembly. (A) Top panel: Optical section of MDCK cells in steady state, 1
hour, 2 hours and 3 hours after calcium repletion immunostained for F-actin (green) and
a-catenin (red). Bottom panel: +PDM maps for the images shown in top panel. Scale
bar = 10um. (B, C) Frequency plots for FCI values of a-catenin and F-actin: (B) steady
state and low calcium; (C) 1 hour, 2 hours and 3 hours after calcium repletion. Bin width
= 0.3. Red boxes indicate the percentage of cell with high FCI values (0.5 — 1.0). (D, E)
Frequency distributions of PCC values for a-catenin and F-actin: (D) in the cytoplasm
and (E) at cell-cell contacts, during a calcium repletion experiment. Bin width = 0.15. N
(sample size) values: steady state = 58, low calcium = 52, 1 hour = 52, 2 hours = 57 and 3
hours = 72. (F) Changes in FCI values for a-catenin and F-actin during a calcium
repletion experiment. Error bars represent mean = 95% CI. The result of a non-parametric
Kruskal-Wallis test (excluding low calcium data set) gives a p value = 0.0003. The results
of Dunn’s post-hoc multiple comparison test are indicated on the graph (*** p < 0.001,
ns: not significant). (G) Gaussian best fits for the frequency distributions for FCI values

in B and C.
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Live cell FCI analysis tracks adherens junction assembly/disassembly dynamics
with a 5-minute temporal resolution

Expressing fluorescently tagged proteins allows high temporal resolution analysis
of single cells within a living tissue. Using MDCK cells expressing E-cadherin-RFP and
B-actin-eGFP, adherens junction assembly was tracked in live epithelial monolayers
during calcium repletion experiments. B-actin was chosen since it is required for adherens
junction assembly and is enriched at the cell-cell contact zone (Baranwal et al., 2012).
The molecular mechanism of actin enrichment at cell-cell contacts involves localized -
actin translation (Gutierrez et al., 2014). This synthesis event provides sufficient local
concentration of monomers to drive barbed end filament polymerization to assemble
linear actin filaments. These filaments in turn are required to anchor nascent adherens
junction complexes (Gutierrez et al., 2014; Rodriguez et al., 2006). Immediately
following calcium repletion, three optical sections were acquired using widefield
microscopy with an inter-plane distance of 3um. Nearest neighbor de-blurring was used
to reduce out of focus light in each optical section. The number of optical planes was
limited by acquisition speed and phototoxicity. Five minute intervals between successive
acquisitions provided good temporal resolution without any evidence of phototoxicity.
Consistent with the data obtained using fixed cells, 2 to 3-hours after calcium repletion,
+PDM maps show positive correlations between E-cadherin and B-actin at cell-cell
contact zones (Figure 14A). Interestingly, positive correlations for E-cadherin and B-
actin are observed in the cytoplasm for the first 6-hours after calcium repletion. These
cytoplasmic correlations likely arise from the non-filamentous globular actin (G-actin)

and perinuclear E-cadherin, both present in the perinuclear cytoplasm. This G-actin
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population is thought to function as a storage compartment for monomers, which are
incorporated into spatially localized dynamic filament populations (Cao et al., 1993).
Plotting FCI values as a function of time shows an inflection point between 2 and 3-hours
after calcium repletion (Figure 14B yellow arrow). This shift from negative to positive
FCI values coincides with the appearance of cell-cell contact zone localized positive
correlations consistent with the spatio-temporal dynamics of adherens junction assembly
(Figure 14A’). During the transition from negative to positive FCI values, measurements
were made every 5 minutes to determine adherens junction assembly kinetics with the
highest possible temporal resolution for the experimental settings used. A smooth
increase in positive correlation in the +PDM maps at cell-cell contact zones is observed
during the course of 2 to 2.5 hours following calcium repletion (Figure 14A’ and B’).
Importantly, this smooth increase in positive correlations is perturbed and delayed by
adding E-cadherin function blocking antibody during calcium repletion (Figure 15A).
Upon addition of E-cadherin function blocking antibodies, FCI values show a fluctuating
trend for the first 4.5 hours after calcium repletion indicating, cycles of adherens junction
assembly and disassembly without significant anchoring and maturation (Figure 15B).
Additionally, PCC values at cell-cell contact zone and the cytoplasm are substantially
reduced for the first 4.5 hours after calcium repletion with E-cadherin function blocking
antibody (Figure 15B’, B"’). These results demonstrate live cell FCI analysis quantitates
the dynamics of protein-protein interaction within 2 different subcellular compartments

with high spatial and temporal resolution.
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Figure 14: Live cell FCI analysis of adherens junction assembly using fluorescent
fusion tags. (A) Top panel: Montage of optical sections from a live cell movie (0 hour —
12 hours) showing MDCK cells expressing E-cadherin-RFP (red) and B-actin-eGFP
(green) after calcium repletion. Bottom panel: +PDM maps of images from the top
panel. (A") Top panel: Montage of optical sections from a live cell movie (2 hours — 2.5
hours) showing MDCK cells expressing E-cadherin-RFP (red) and B-actin-eGFP (green)
after calcium repletion. Bottom panel: +PDM maps of images from the top panel. (B)
FCI values for E-cadherin-RFP and B-actin-eGFP plotted every 30 minutes after calcium
repletion (N = 9). Arrow indicates the time at which FCI values shift from negative to
positive. (B’) FCI values plotted every 5 minutes for E-cadherin-RFP and B-actin-eGFP
between 2 and 2.5 hours after calcium repletion. Error bars indicate mean + s.e.m. |

would like to acknowledge Lissette Cruz for calculating PCC values.
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Figure 15: Effect of E-cadherin function on live cell FCI measurements. (A) Top
panel: Montage of optical sections from a live cell movie (0 hour — 12 hours) showing
MDCK cells expressing E-cadherin-RFP (red) and B-actin-eGFP (green) treated with
DECMA-1 antibody after calcium repletion. Bottom panel: +PDM maps of images from
the top panel. (B) FCI values plotted every 30 minutes for E-cadherin-RFP and B-actin-
eGFP after calcium repletion (N = 6). Arrow indicates the time at which FCI is positive
and remains positive through the rest of the experiment. Error bars indicate mean + s.e.m.
(B, B"") PCCs for B-actin-eGFP and E-cadherin-RFP in the contact zone (green curve)
and cytoplasm (blue curve) plotted every 0.5 hours for: (B’) calcium repletion with E-
cadherin function blocking antibody (DECMA-1), and (B'") calcium repletion (Control).
Error bars represent mean + s.e.m. I would like to acknowledge Lissette Cruz for

calculating PCC values in panels B’ and B"'.
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DISCUSSION

Why chose a Pearson’s Correlation Coefficient based method to study
macromolecular complex dynamics?

Analysis of subcellular co-localization to study the formation of protein
complexes and protein-protein interactions is riddled with caveats and footnotes (Adler
and Parmryd, 2010; Barlow et al., 2010; Bolte and Cordelieres, 2006; Zinchuk et al.,
2013). In this thesis, a method based on Pearson’s Correlation Coefficients is used to
demonstrate various aspects of multi-protein complex assembly dynamics pertaining to
the assembly of the adherens junction complex in epithelial cells. While, E-cadherin
clustering and dynamics at adherens junctions have been studied using super-resolution
light microscopy and FRAP analysis (de Beco et al., 2009; Wu et al., 2015), there have
been few analysis tools to robustly study the spatial and temporal dynamics of
macromolecular complexes such as adherens junctions. To date, the only available
methods to study multi-protein complexes are those in a biochemists toolbox:
immunoprecipitation, sub-cellular fractionation, protein cross-linking and pull down
experiments. While the utility of these biochemical approaches is not discounted, they are
not without their own technical caveats. Alternatively, Spatial Intensity Distribution
Analysis (SpIDA) (Godin et al., 2011) can be utilized to assess clustering of
transmembrane receptors such as E-cadherin during adherens junction assembly.
However, the goal of the PCC based method presented here is to determine the dynamics
of association of various components of a multi-protein complex during assembly, and

not to quantitate the clustering aspect of a single component of such a complex. PCC
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measurements offer a simple yet robust method to carry out “biochemical analysis on a
microscope”, thus having the advantage of being able to provide quantitative spatio-
temporal data regarding macromolecular complexes. Fluorescence Covariance Index
provides a quantitation of the asymmetry in correlation between two signals within two
user defined sub-cellular compartments. The assumption is that the multi-protein
complex which includes the two molecular components being studied forms
preferentially in one of the sub-cellular compartments. While defining these two distinct
sub-cellular compartments, one needs to bear in mind that the compartment with no
protein complex assembly should have a very weak correlation. For instance, FCI
analysis of B-catenin and F-actin during a calcium repletion assay, using the cytoplasm
and cell-cell contact as the two compartments in the analysis violates this assumption.
This is due to the fact that during later phases of adherens junction assembly, B-catenin is
sequestered at the cell-cell contact zone by E-cadherin. F-actin is also predominantly
present at the cell-cell interface in a polarized epithelium. As a result both signals in the
cytoplasm are very low, causing the PCC in cytoplasm to be high (Equation 3).
Consequently FCI is very low with a frequency distribution resembling the null
hypothesis, where there is no preferred asymmetry in correlation in either compartment
(data not shown). However, with the right choice of two proteins and sub-cellular
compartments, several behaviors of the adherens junction complex have been quantitated
using the FCI analysis. (1) extent of anchoring of the adherens junction complex to the
actin cytoskeleton (for example, Figures 7 and 8); (2) tracking the extent of changes in
activation of components of the complex over time (for example, Figures 9 and 10); (3)

tracking the localization of minimal cadherin-catenin complexes from biosynthetic
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compartment to sites of cell-cell adhesions (for example, Figures 11 and 12), (4)
correlating the interactions of components of the complex which are tension sensitive to
tissue tension profiles (for example, Figure 13); and (5) correlating the extent of
anchoring of the adherens junction to the actin cytoskeleton with tissue barrier function

(Cruz et al., 2015) (See also, Chapter 3).

Extending the utility of the fluorescence covariance analysis to other biologically
important multi-protein complexes

The adherens junction complex has a mechano-transduction module: a-catenin
and F-actin. Polarized epithelia demonstrate apico-lateral and baso-lateral acto-myosin
tension profiles mediated by myosin IIB and myosin IIA, respectively (Smutny et al.,
2010; Wu et al., 2014). The balance between these two tension profiles determines
whether cells form a functional epithelial tissue (Smutny et al., 2010) or extrude out of
the tissue (Behrndt and Heisenberg, 2014). Acto-myosin tension in the basolateral
compartment results in the appearance of lateral/en face adhesions or protrusions, while
the apico-lateral tension acts to keep the apical zonula adherens intact. FCI analysis is a
viable and simple method to study the relative contributions of these two tension
components by assessing the interaction of a-catenin and F-actin in these two sub-cellular
compartments, using the antibody which recognizes the conformational change in a-
catenin which occurs due to acto-myosin tension (Yonemura et al., 2010).

E-cadherin exists in multiple conformational states (Chen and Chen, 2009;
Petrova et al., 2012). Adhesion activated E-cadherin is only a subset of E-cadherin

present at the cell-cell contacts (Figure 10). Given, E-cadherin function is subject to
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regulation and can potentially regulate epithelial tissue fate without any marked changes
in its transcriptional regulation (Chen and Chen, 2009; Najy et al., 2008; Thiery, 2003), a
correlation analysis of adhesion activated E-cadherin and its other conformational states
could potentially be used as a diagnostic tool to determine the extent of functional E-
cadherin mediated adhesions in epithelial cancers. Further, adhesion activated E-cadherin
is a scaffold for several signaling molecules including Src family of kinases (McLachlan
and Yap, 2011). It would be interesting to determine whether other conformational states
of E-cadherin can function as a scaffold for these signaling molecules. These questions
can be tested using the FCI method to analyze the covariance of various E-cadherin
conformational states with the appropriate signaling molecules believed to be associated
with functional E-cadherin.

This novel technique provides a cost effective, reliable and robust method to
assess the extent to which proteins are part of a complex in specific sub-cellular
compartments within the resolution limit of a light microscope. The technique facilitates
quantitative comparison of the extent of inhibition/stimulation of protein complex
assembly by perturbing different nodes along intracellular signaling pathways. One such
example using the formation of the good old adherens junction complex is: the effect of
E-cadherin function on adherens junctions (see Figures 7 and 15). Another novel node in
the formation of adherens junctions is localization of B-actin translation to cell-cell
contacts (Cruz et al., 2015; Gutierrez et al., 2014). Such experiments with other multi-
protein complexes like the tight junctions (McNeil et al., 2006), apico-basal polarity
determinants (Baum and Georgiou, 2011), to name a couple, will answer key questions

regarding the dynamics of assembly/disassembly of these complexes.
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Live cell FCI analysis: a utilitarian approach to study multi-protein complex
dynamics in living cells

Studying protein-protein interactions in living cells is typically carried out using
Fluorescence Resonance FEnergy Transfer (FRET) or Fluorescence Correlation
Spectroscopy (FCS) (Aoki et al., 2013; Trepat et al., 2007). However, these techniques
require that the two proteins have direct interaction (effective distance for FRET imaging
is 5-10nm). Proteins that do not directly interact, but are part of large multi-protein
complexes with several components cannot be studied using either FRET or FCS
approaches. Live cell FCI analysis provides a high temporal resolution picture of protein-
protein interactions in live tissues without the limitations of FRET experiments (for
example, Figure 14). Using the appropriate fluorescent fusion proteins, this analysis can
be easily extended to study for instance, focal adhesion complex assembly dynamics at
the leading edge of motile cells, or tight junction assembly in epithelial cells. In
conclusion, the FCI analysis is a simple, robust and reliable tool to quantitate the
dynamics of assembly of multi-protein complexes within specific sub-cellular
compartments. Since our publication of this technique, collaborators in Mexico (Dr. L
Gonzalez Mariscal), and at Rutgers University, Newark (Dr. Nan Gao) have used
variations of this approach to study protein interactions such as 14-3-3 isoforms and ZO-
1, and Rab8a and Gprl177, respectively. Since a custom code in MATLab is used to carry
out parts of the analysis, I invoke the equivalent of a “beerware license” for anyone
wishing to use this script in the future. If you are wondering what a beerware license is,

here is the Wikipedia definition “Should the user of the product meet the author and
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consider the software useful, they are encouraged to either buy the author a beer "in

return" or drink one themselves.”


https://en.wikipedia.org/wiki/Beer
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MATERIALS AND METHODS

Cell culture

MDCK (Madin-Darby Canine Kidney, ATCC# CCL - 34) cells were cultured in
DMEM (Corning Cellgro®) containing 10% FBS (Life Technologies, Gibco), penicillin
(100 L.U./mL) and streptomycin (100pg/mL) (Corning Cellgro®). For calcium switch
experiments, cells were seeded at a density of 250,000 cells per well in a 6-well plate on
glass coverslips (22 X 22 mm) for fixed cell experiments, and 35 mm dishes with glass
bottom dishes (MatTek Corp.) for live cell experiments. Cells were grown for 2 d at 37

°C, 95% humidity and 5% CO, to form a monolayer.

Transfection and generation of stable cell lines

MDCK cells stably expressing E-cadherin-RFP (a gift from Dr. James Nelson,
Stanford) were transfected with the plasmid TC-eGFP-B-actin full length (Addgene ID:
27123) using Lipofectamine 2000 (Life Technologies) according to manufacturer
guidelines. Cells co-expressing eGFP-B-actin and E-cadherin-RFP were sorted using
FACS and used for live-cell experiments. These cells were cultured in regular growth
medium along with 500pg/ml final concentration of G418 to maintain the expression of

the reporter genes.

Calcium switch
To disassemble the adherens junctions in monolayers, the cells were incubated

with DMEM (no serum or antibiotics) containing 4 mM EGTA for 1 hour at 37 °C, 95%
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humidity and 5% CO,. Cells were then returned to regular growth media (calcium
repletion) and fixed at various time points of the calcium switch experiment (steady state,
low calcium, 1, 2 and 3 hours after calcium repletion). For live-cell microscopy, imaging
was performed after returning the cells to regular growth media composed of: FluoroBrite
DMEM (Life Technologies), FBS (10% v/v), penicillin (100 L.U./mL), streptomycin
(100pg/mL), OxyFluor (1% v/v, Oxyrase) and Sodium dl — Lactate (20mM, Sigma
Aldrich). For fixed cells and live cell imaging E-cadherin function blocking antibody

(100 pg/ml, DECMA-1, Sigma Aldrich) was added during calcium repletion.

Antibodies

The following primary antibodies were used for indirect immunofluorescence
staining: mouse anti-E-cadherin (1:250, clone 36, BD Biosciences), rat anti-E-cadherin
(1:250, DECMA-1 from Sigma Aldrich was used for immunofluorescence staining in
Figure 9 and 11), rabbit anti-B-catenin (1:400, abcam), mouse anti-B-catenin (clone 14,
1:250, BD Biosciences), rabbit anti-Transferrin Receptor (1:100, abcam), rabbit anti-a-
catenin (1:250, BD Sigma), mouse anti-a-tubulin (1:500, Sigma Aldrich). The following
secondary antibodies were used for indirect immunofluorescence staining: Alexa Fluor
488 conjugated goat anti-rabbit (1:500, Life Technologies), Cy5 conjugated goat anti-
rabbit (1:500, Life Technologies), Cy3 conjugated goat anti-mouse (1:500, Life
Technologies), CF640 conjugated goat anti-rat (1:500, Life Technologies). Additionally,
for staining F-actin either Alex Fluor 488 or Rhodamine conjugated Phalloidin (1:150,

Life Technologies) was used.
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Indirect immunofluorescence

All steps were performed at room temperature unless specified. Cells were fixed
with 4% (w/v) paraformaldehyde (Sigma Aldrich) for 20 min and then permeabilized
with 0.5% (v/v) Triton (Bio-Rad) for 1 min. 1% (w/v) BSA was used to block for 1 h,
following which samples were incubated with primary antibodies overnight at 4 °C.
Samples were then incubated with secondary antibodies, Hoechst (1:10,000, GE
Healthcare) and Phalloidin for 1.5 h in the dark. Coverslips were mounted onto slides
using ProLong Gold (Life Technologies) mounting media and incubated for 24 h at 4 °C

in the dark.

Image acquisition and processing

For indirect immunofluorescence, images were taken on AxioObservor Z1 (Zeiss)
using Axiovision 4.8.2 software (Zeiss) equipped with a Plan-Apo 63X oil immersion
objective with NA 1.4. 35 z-stacks with a step size of 0.240um were acquired for each
field. Binning was set to 2x2 using a CoolSNAP HQ? (Photometrics). Filter cube sets
used were: Blue Channel: 49 (Zeiss), Green Channel: 38HE (Zeiss), Red Channel:
Ex:560/40, Em:630/75, and Far-red Channel: 50 (Zeiss). The following deconvolution
parameters were used: theoretical PSF, constrained iterative algorithm, autolinear
normalization (See Equation 1 below) and strength setting of medium (or as mentioned

in the figure legend) for all fixed images.

2"-1)-0
Iy = (1 - Imin)lfn—)

ax~ Imin

+0 ... Equation (1)

Where /Iy is the normalized intensity, /,;, and I,,, are the lowest and highest gray

values of the acquired image and 7 is the bit size of the camera used.
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For live cell experiments, images were acquired on AxioObservor Z1 (Zeiss),
using a 63X water immersion objective with NA 1.3. The stage was equipped with an
incubator chamber (37 °C, 95% humidity and 5% CO;). QuantEM 512SC camera
(Photometrics) was used with no binning. Time-lapse images were taken in 5 minutes
intervals for 12 hours, in both RFP (Ex: 560/40 and Em: 630/75) and GFP (Filter Set
38HE, Zeiss) channels. A stack of 3-5 images with a step size of 1um was acquired for
each time point and nearest neighbor deblurring algorithm was used to process the
images. Images were imported to Volocity (Perkin-Elmer) and their brightness adjusted

before being exported as a TIF.

Fluorescence Covariance analyses

Deconvolved images were imported into Volocity 6.0.1 (PerkinElmer) to
calculate the PCC values at the cell-cell contact sites and in the cytoplasm. Regions of
interest (ROIs) were defined using the Free Hand tool at cell-cell contact and cytoplasm
for each cell in an image stack. The PCC values were exported in a comma separated
value (.csv) format. A custom written script in MATLAB (MathWorks) was used to
extract the PCCs and compute FCI values (See Appendix).
The following equations define MOC (Equation 2) and PCC (Equation 3):

YUR)Ug)

Mander's Overlap Coef ficient = NI ... Equation (2)
Pearson's Correlation Coef ficient = 2(r— Irsean)l— IGean) ... Equation (3)

2 2
\/Z(IR— IR,Mean) (IG_ IG,Mean)
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Derivation of Fluorescence Covariance Index:

PCC in Periphery

Fluorescence Covariance Index = Log, ... Equation (4)

PCC in Cytoplasm

Statistical Analyses

A parametric ANOVA or non-parametric Kruskal-Wallis test was followed by
appropriate post-hoc multiple comparisons tests was performed as indicated in the figure
legends. GraphPad Prism 5 (GraphPad Software) was used for all statistical analyses.
Frequency distributions were plotted for PCC values and FCI values with bin widths of
0.15 and 0.3 respectively. Bin sizes were determined by using the Sturges’ rule (See
Equation 5 below). Gaussian best fits of the frequency distributions for FCI values were
obtained with the standard deviation parameter set to be positive.

k =[log, N + 1] ... Equation (5)

Where k is number of bins and N is sample size. According to this rule, the
number of bins will vary depending on sample size. However, it should be noted that
while this rule works very well for data with > 30 samples, it assumes the population is
normally distributed. More importantly, this is still an empirical rule and hence varying
bin size could reveal different features of the data. This could become especially
important with biologically distinct populations being present which could be falsely
grouped into large bins. Conversely, populations that do not arise from different
distributions could be split using smaller bins. However, for the sake of the current
analysis, the lowest available sample size was about 32, which gives a bin number of 6.
This was set as the standard for all frequency plots for FCI values and PCC values (with

thresholds).
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CHAPTER 3: SPATIALLY REGULATED pB-ACTIN TRANSLATION
INTEGRATES SEVERAL SIGNALING PATHWAYS TO DETERMINE

EPITHELIAL STRUCTURE AND TISSUE FUNCTION

INTRODUCTION

Adherens junctions are a major class of cell adhesion complexes observed in
epithelial tissues (Nagafuchi, 2001; Takeichi, 2014). These complexes contain E-
cadherin, a classical cell-cell adhesion molecule, and the adaptor proteins -catenin and
a-catenin. Dynamic interactions between cadherin-catenin complexes and linear actin
filaments regulate epithelial homeostasis (Cavey et al., 2008; van Roy and Berx, 2008).
For instance, in several epithelial cancers, reduced E-cadherin expression correlates with
increased metastatic potential (Blanco et al., 2002; Rosivatz et al., 2002). In addition to
methylation of the E-cadherin promoter (Lombaerts et al., 2006) and down-regulation by
transcriptional repression (Blanco et al., 2002; Cano et al., 2000; Korpal et al., 2008),
post-translational control of E-cadherin regulates epithelial-to-mesenchymal transition
and cancer cell invasion (Thiery, 2003). Phosphorylation decreases the residence time of
cadherin-catenin complexes at the cell surface reducing cell-cell adhesion strength and
barrier integrity (Bertocchi et al., 2012). Additionally, activation of the Src oncogene or
growth factors, such as TGF-f or HGF, cause targeted E-cadherin degradation in
lysosomes which drives tumor and metastasis progression (Fujita et al., 2002; Janda et
al., 2006; Kimura et al., 2006; Shen et al., 2008), as reviewed in (de Beco et al., 2012;

Mosesson et al., 2008). Conversely, blocking E-cadherin recycling at the cell surface by
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inhibiting endocytosis increases E-cadherin trans-dimer formation (Troyanovsky et al.,
2006) and F-actin anchoring thereby stabilizing adherens junction complexes (Harris and
Tepass, 2010). The contribution of E-cadherin endocytosis to the maintenance of mature
adherens junctions in epithelia has been well studied (de Beco et al., 2009). However, its
role in balancing F-actin anchoring of cadherin-catenin complexes during de novo
adherens junction formation has yet to be explored. Results in the following sections
demonstrate that dynamin mediated endocytosis opposes F-actin anchoring of cadherin-
catenin complexes, thus negatively regulating adherens junction assembly.

Epithelial cell-cell contact stimulates E-cadherin clustering causing a local
increase in a-catenin levels driving actin filament remodeling from branched networks to
linear bundles (Drees et al., 2005; Yamada et al., 2005). Linear actin bundles anchor
cadherin-catenin complexes to positively regulate adherens junction assembly
(Gloushankova et al., 1997; Krendel and Bonder, 1999; Vasioukhin et al., 2000; Wu et
al., 2015). E-cadherin clustering on the cell surface and actin filament remodeling,
following de novo epithelial cell-cell contact, are interdependent processes driving
adherens junction assembly/disassembly dynamics. Actin cytoskeleton remodeling
required for adherens junction assembly is driven by a local increase in -actin monomer
concentration (Gutierrez et al 2014). Localizing B-actin mRNA translation governs
monomer concentration at epithelial cell-cell contacts and regulates actin filament
polymerization (Gutierrez et al., 2014; Mingle et al., 2005; Rodriguez et al., 2006). -
actin knock-down (Baranwal et al., 2012) or mislocalizing its synthesis (Gutierrez et al.,
2014; Kislauskis et al., 1994) specifically impairs adherens junction assembly.

Additionally, expressing B-actin mRNA lacking its 3'UTR (A3'UTR), and thus the
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mRNA zipcode, impairs actin filament remodeling at the cell periphery (Lyubimova et
al., 1999), which results in reduced cadherin clustering at cell-cell contacts (Rodriguez et
al., 2006).

In this thesis, Dynamin inhibitors: dynasore (Macia et al., 2006) and hydroxy-
dynasore (McCluskey et al., 2013), are used to block endocytosis in MDCK cells with
partial mislocalization of B-actin translation in order to increase cadherin clustering at the
cell surface (Troyanovsky et al., 2006). This tips the balance towards actin anchoring of
cadherin-catenin complexes and rescues adherens junction assembly defects in cells with
partial mislocalization of B-actin translation. In addition, epithelial monolayer barrier
integrity is shown to correlate with adherens junction assembly, as quantified with FCI
analysis developed in Chapter 2. Also, a more complete mislocalization of B-actin
translation is sufficient to prevent the rescue of adherens junction assembly by inhibiting
endocytosis in cells. Finally, the rescue of adherens junction assembly in monolayers
composed of epithelial cells, which have partial mislocalization of B-actin translation,
requires E-cadherin function as determined by using a function blocking antibody
(Vestweber and Kemler, 1985).

Utilizing calcium repletion experiments is an excellent tool to study some of the
molecular underpinnings of adherens junction assembly. However, it is not a very
physiologically relevant model system. 3-dimensional Matrigel embedded MDCK
cultures provide a better physiologically relevant model system to study the factors
influencing de novo lumen formation and epithelial morphogenesis. The cells can be
manipulated using molecular tools to disrupt B-actin mRNA spatial regulation prior to

embedding allowing for the study of long term effects of the manipulation on lumen
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formation. Additionally, once embedded, the cultures are amenable to treatment with
inhibitors of the zipcode pathway to allow for the study of short term effects of
mislocalizing B-actin translation in a 3-dimensional culture setting. Previous work from
Keith Mostov’s group shows that proper spatio-temporal localization of PI3K/PTEN
signaling, apico-lateral sorting machinery, and key apical polarity determinants — Par3,
aPKC, Occludin and Cdc42, dictate epithelial morphogenesis in MDCK cysts (Bryant et
al., 2010; Martin-Belmonte et al., 2007). Mathematical models of cyst formation from in
vitro data indicate that three factors influence the morphogenesis of epithelia: signaling
from distinctly polarized apical, basal and lateral surfaces, acto-myosin contractility, and
cell division (Cerruti et al., 2013). However, little is known the role of spatially regulated
B-actin translation on cyst formation.

Utilizing MDCK cyst cultures in Matrigel as model for epithelial morphogenesis,
spatially regulated B-actin translation is shown to regulate epithelial structure. Cells with
partially mislocalized B-actin translation form smaller cysts with a reduced number of
proliferating cells per cyst. Additionally, these cysts have “wavy” tight junctional
architecture likely resulting from disorganized myosin IIA along cell-cell adhesions.
Newly translated B-actin was seen to accumulate at apical and lateral cell-cell interfaces
in mature cysts, implicating a role for the newly synthesized monomer in regulating acto-
myosin mediated tension in these sub-cellular compartments and thereby controlling cyst
homeostasis. Finally, acutely mislocalizing B-actin translation in mature cyst cultures
causes a loss of typical epithelial single layer single lumen organization, resulting instead
in multiple layers with cells extruding into the luminal cavity. Changes in cell shape, size

and number have been known to relay mechanical signals which are then translated to
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gene expression changes via the Hippo and/or YAP/TAZ pathways (Yu and Guan, 2013)
to control organ size (Low et al., 2014). The results with MDCK cysts demonstrate that
spatially regulated B-actin translation controls typical epithelial morphogenesis. The work
indicates a potentially novel role for compartmentalized B-actin translation in regulating
acto-myosin tension at cell-cell adhesions and thus affecting the Hippo and/or YAP/TAZ
mechano-transduction pathways. Thus, spatially regulated B-actin translation acts as an
integrator of several signal transduction pathways: from 2D calcium repletion assays,
where it is shown to balance dynamin mediated endocytosis of E-cadherin to 3D cyst

cultures, where it potentially regulates mechano-transduction signals.
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RESULTS

Partially mislocalizing B-actin translation in MDCK cells impairs their ability to
assemble functional epithelial monolayers

The B-actin mRNA zipcode is a 28 nucleotide sequence present in the 3'UTR.
Exogenously expressing 3'UTR deleted B-actin downstream from a human p-actin
promoter in cells causes significant morphological perturbations to epithelial monolayer
structure. Interestingly, total actin expression in epithelial monolayers assembled from
cells expressing either full length or A3'UTR B-actin mRNA was similar (Ballestrem et
al., 1998; Gutierrez et al., 2014). Importantly, expressing zipcode deleted f-actin mRNA
causes mislocalization of B-actin translation (Gutierrez et al., 2014; Rodriguez et al.,
2006). MDCK monolayers assembled from cells that properly localize B-actin translation
to cell-cell contacts exhibit strong E-cadherin and F-actin co-localization at cell-cell
contact sites. These cells also contain stress fibers in the basal cytoplasm (Figure 16A,
Full length B-actin mRNA expressing cells). In contrast, few stress fibers are observed in
the cytoplasm of MDCK monolayers composed of cells with partially mislocalized -
actin translation. However, these cells still show significant, albeit weaker, E-cadherin
and F-actin co-localization at cell-cell contacts. Importantly, these cells also exhibit
extensive lamellar protrusions that are largely absent in confluent monolayers assembled
from MDCK cells that properly localize B-actin translation to cell-cell contacts (Figure
16B, A3'UTR B-actin mRNA expressing cells). During adherens junction assembly, E-
cadherin clustering at cell-cell contact sites increases a-catenin recruitment, which is

required for inhibiting lamellar protrusions (Drees et al., 2005). However, cells impaired
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in their ability to locally synthesize monomers exhibit reduced cadherin localization at
the cell-cell contacts (Rodriguez et al., 2006). Thus epithelial monolayers composed of
cells with partially mislocalized B-actin translation are unable to recruit and anchor a-
catenin to cell-cell contacts and turn off lamellar protrusions following de novo contact.
Actin anchored cadherin-catenin complexes induce a myosin II dependent feed
forward loop driving additional cadherin-catenin/actin filament anchoring (Biswas et al.,
2015). The resulting expansion and maturation of adherens junctions is required for
epithelial structure and function (Smutny et al., 2010; Yonemura et al., 2010).
Conversely, E-cadherin that is not anchored at the cell surface is internalized by dynamin
mediated endocytosis, and is either recycled or degraded (Cavey et al., 2008; Harris and
Tepass, 2010). To quantify the extent of E-cadherin anchoring to F-actin, FCI analysis
developed in Chapter 2 was utilized. MDCK monolayers impaired in their ability to
localize B-actin translation have fewer cells with high FCI values (0.5 — 1.0) compared to
monolayers composed of cells that properly localize B-actin translation (Figure 17A, =
52% for full length B-actin mRNA expressing cells compared to =~ 25% for A3'UTR
expressing cells). Cells with partially mislocalized [-actin translation have high
cytoplasmic correlations between E-cadherin and F-actin, generating low FCI values.
These cytoplasmic correlations arise from overlap of lamellar protrusions, which are
inhibited in cells that properly localize B-actin translation. Additionally, monolayers
assembled from cells partially impaired in their ability localize B-actin translation are
only = 66% the height of monolayers assembled from cells that have no defects in
localizing B-actin translation (Figure 16A and B, AZ values). These results indicate

partial impairment in localizing B-actin translation causes defects in epithelial adherens
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junction maturation. Additionally, the in vitro permeability to fluorescent dextran is = 4
fold higher in confluent monolayers assembled from cells with partially mislocalized -
actin translation (Figure 17B). Importantly, low FCI values correlate with reduced

barrier integrity demonstrating this metric has value in quantifying gain or loss of

epithelial monolayer function.
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Figure 16: MDCK cells with partially mislocalized p-actin translation show
extensive lamellipodial overlap. (A) MDCK cells with proper localization of B-actin
translation (expressing full length p-actin mRNA) fixed at steady state and
immunostained for F-actin (Green), E-cadherin (Red), and Nucleus (Blue). Stress fibers
are visible in the basal compartment; E-cadherin and F-actin co-stain cell-cell interfaces
in the apical and basal compartments. (B) MDCK cells with partially mislocalized B-actin
translation (expressing A3'UTR B-actin mRNA) fixed at steady state and stained for F-
actin (Green), E-cadherin (Red) and Nucleus (Blue). Scale bars = 10um. Dotted lines
indicate cell boundaries and * indicates nucleus of individual cells. AZ represents the

distance between the apical and basal planes in pm.
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Figure 17: FCI values of E-cadherin and F-actin correlate with epithelial barrier
function. (A) Frequency distributions of FCI values for E-cadherin and F-actin in cells
fixed at steady state. Cells were either expressing full length B-actin mRNA (Black bars;
N = 29) or A3'UTR B-actin mRNA (White bars; N = 314). Bin size = 0.3. Red box
indicates the proportion of cells with high FCI values. (B) Fold change in percentage of
TRITC-Dextran in the bottom compartment measured in an in vitro permeability assay
for MDCK cells in steady state with and without partial defects in localizing B-actin

translation. Bars represent mean =+ s.e.m.
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Inhibiting Dynamin mediated endocytosis rescues the epithelial adherens junction
assembly defect caused by partially mislocalizing p-actin translation

Adherens junction assembly dynamics in epithelial MDCK monolayers composed
of cells with partially mislocalized B-actin translation was studied using calcium repletion
experiments and FCI analysis of E-cadherin and F-actin (Volberg et al., 1986) (See
Chapter 2). Epithelial adherens junction assembly in vitro is known to occur in three
phases — contact initiation, contact expansion and junction maturation (Adams et al.,
1998; Baum and Georgiou, 2011; Kovacs et al., 2002). Following calcium repletion, cells
with partially mislocalized B-actin translation form initial contact within 1 hour and
expand these contacts within 2 hours (Figure 18A, co-localization of E-cadherin and F-
actin at cell-cell contacts 1 and 2 hours after calcium repletion). However, significant
lamellar protrusions are observed 3 hours after calcium repletion (Figure 18A, cellular
overlaps 3 hours after calcium repletion). In addition, these cells fail to reach the height
of monolayers assembled from cells which have no defects in localizing B-actin
translation (Figure 18A, AZ values compared to Figure 16A AZ value). PCC values for
E-cadherin and F-actin at cell-cell contacts increase between 1 and 2 hours after calcium
repletion, indicating initial cell-cell contact is followed by contact expansion phase in
these cells. However, between 2 and 3 hours after calcium repletion, PCC values for E-
cadherin and F-actin increase in the cytoplasm, while PCC values at the periphery remain
unchanged (Figure 18B). Correspondingly, changes in FCI values correlate with
morphological changes, increasing between 1 hour and 2 hours after calcium repletion
and decreasing significantly 3 hours after calcium repletion (Figure 18C). These results

indicate that following contact expansion, these cells form extensive lamellar protrusions,
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which contain nascent cadherin-catenin complexes anchored to F-actin (en face
adhesions). Thus, cells with partial mislocalization of B-actin translation undergo contact
expansion, but fail to progress to junction maturation unlike wild type MDCK cells (See
Chapter 2, Figure 7). Mislocalizing B-actin translation from the cell-cell contact zone
reduces actin filament polymerization (Gutierrez et al., 2014), reducing cadherin
anchoring to F-actin (Rodriguez et al., 2006). Concomitantly, it was hypothesized that E-
cadherin endocytosis is increased during adherens junction assembly in cells with partial
mislocalization of B-actin translation.

In order to test the hypothesis, dynasore, a small molecule inhibitor of Dynamin’s
GTPase function (Macia et al., 2006), was used to inhibit Dynamin mediated endocytosis.
At 80uM dynasore, the initial phases of adherens junction assembly: cell-cell contact
formation and contact expansion are unaffected (Figure 19A, E-cadherin and F-actin co-
localization at cell-cell contacts 1 and 2 hours following calcium repletion). Importantly,
E-cadherin and F-actin co-localize at cell-cell contacts, along with few lamellar
protrusions 3 hours after calcium repletion with 80uM dynasore (Figure 19A, 3 hours
following calcium repletion compare with Figure 18A, 3 hours following calcium
repletion). Additionally, these cells are as tall as cells in monolayers assembled from cells
with no defects in localizing B-actin translation (Figure 19A, AZ value compare with
Figure 16A, AZ value). PCC values for E-cadherin and F-actin remain low in the
cytoplasm, while correlations at cell-cell contacts progressively increase from 1 to 3
hours after calcium repletion with 80uM dynasore (Figure 19B). Consequently, FCI

values remain high 3 hours after calcium repletion, indicating these cells successfully
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complete adherens junction maturation upon inhibition of dynamin mediated endocytosis
(Figure 19C).

To further validate the specificity of dynasore inhibition, Hydroxy-Dynasore aka
Dyngo 4a, a new generation Dynamin inhibitor (McCluskey et al., 2013), was used. The
results obtained are similar to those observed following dynasore treatment. Contact
initiation and contact expansion are observed 1 and 2 hours following calcium repletion
with 80uM hydroxy-dynasore in cells with partially mislocalized B-actin translation
(Figure 20A). Additionally, cells have few lamellar protrusions 3 hours after calcium
repletion with 80uM hydroxy-dynasore, and reach a height similar to cells without
defects in localization of [B-actin translation (Figure 20A, compare AZ values with
Figures 16A and 19A, AZ values). PCC values for E-cadherin and F-actin remain low in
the cytoplasm, while correlations at the cell-cell contact increase during calcium repletion
with hydroxy-dynasore (Figure 20B). Consequently, FCI values progressively increase

between 1, 2 and 3 hours after calcium repletion with hydroxy-dynasore (Figure 20C).
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Figure 18: Partial mislocalization of p-actin translation causes extensive
lamellipodial overlap following contact expansion during adherens junction
assembly. (A) MDCK cells with partially mislocalized B-actin translation (expressing
A3'UTR B-actin mRNA) fixed: Top to bottom: 1 hour, 2 hours and 3 hours after calcium
repletion with DMSO (0.5% v/v) and immunostained for F-actin (Green), E-cadherin
(Red), and Nucleus (Blue). (B) Change in PCC values for F-actin and E-cadherin in the
periphery and the cytoplasm measured for cells with partially mislocalized B-actin
translation (expressing A3'UTR [B-actin mRNA) fixed 1, 2 and 3 hours after calcium
repletion with DMSO (0.5% v/v). Points represent Mean + S.E.M. Note 3 hours after
calcium repletion PCC values in the periphery do not increase while PCC values in the
cytoplasm increase due to extensive lamellar overlap from neighboring cells (dotted lines
in bottom panel in A). Dotted lines indicate cell boundaries and * indicates nucleus of
individual cells. AZ represents the distance between the apical and basal planes in pm.
Note the lamellar overlap 3 hours following calcium repletion in cells treated with 0.5%
v/v DMSO. (C) Box and whiskers plot for FCI values. Whiskers represent 2.5 to 97.5
percentiles. 1 hour (N = 97); 2 hours (N = 229); 3 hours (N = 192). One-way ANOVA
result: p value < 0.0001. Tukey’s post-hoc multiple comparison test results with * p <

0.05, *** p <0.001 are indicated on the graph.
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Figure 19: Inhibiting dynamin mediated endocytosis with 80uM dynasore rescues
the adherens junction assembly defects caused by partially mislocalizing B-actin
translation. (A) MDCK cells with partially mislocalized B-actin translation (expressing
A3'UTR B-actin mRNA) fixed: Top to bottom: 1 hour, 2 hours and 3 hours after calcium
repletion with 80uM dynasore and immunostained for F-actin (Green), E-cadherin (Red),
and Nucleus (Blue). Scale bars = 10um. Dotted lines indicate cell boundaries and *
indicates nucleus of individual cells. AZ represents the distance between the apical and
basal planes in um. Note cells treated with 80uM dynasore show little lamellar overlap 3
hours following calcium repletion. (B) Change in PCC values for F-actin and E-cadherin
in the periphery and the cytoplasm measured for cells with partially mislocalized p-actin
translation (expressing A3'UTR B-actin mRNA) fixed 1, 2 and 3 hours after calcium
repletion with 80uM dynasore. Points represent Mean + S.E.M. Note 3 hours after
calctum repletion PCC values in the periphery increase while PCC values in the
cytoplasm remain low. (C) Box and whiskers plot for FCI values. Whiskers represent 2.5
to 97.5 percentiles. 1 hour (N = 201); 2 hours (N = 147); 3 hours (N = 112). One-way
ANOVA result: p value <0.0001. Tukey’s post-hoc multiple comparison test results with
*#* p <0.001 are indicated on the graph. I would like to acknowledge Lissette Cruz for

acquiring the images shown in panel A and calculating PCC values for the same.
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Figure 20: Hydroxy-Dynasore (Dyngo 4a), a new generation of dynamin inhibitor
also rescues of adherens junction assembly in MDCK cells with partially
mislocalized B-actin translation. (A) MDCK cells with partially mislocalized B-actin
translation (expressing A3'UTR B-actin mRNA) fixed: Top to bottom: 1 hour, 2 hours
and 3 hours after calcium repletion with 80uM hydroxy-dynasore and immunostained for
F-actin (Green), E-cadherin (Red), and Nucleus (Blue). Scale bars = 10um. Dotted lines
indicate cell boundaries and * indicates nucleus of individual cells. Note cells 3 hours
after calcium repletion with 80uM hydroxyl-dynasore display no lamellar overlap. AZ
represents the distance between the apical and basal planes in ym. (B) Change in PCC
values for E-cadherin and F-actin in the periphery and the cytoplasm measured for cells
with partially mislocalized B-actin translation (expressing A3'UTR B-actin mRNA) fixed
1 hour, 2 hours and 3 hours after calcium repletion with 80uM hydroxy-dynasore. Points
represent Mean += S.E.M. Note 3 hours after calcium repletion PCC values in the
periphery increase while PCC values in the cytoplasm remain low. (C) Box and whiskers
plot for FCI values. Whiskers represent 2.5 to 97.5 percentiles; 1 hour (N = 93); 2 hours
(N = 156); 3 hours (N = 168). Bars represent Mean + 95% C.I. One-way ANOVA result:
p value <0.0001. Tukey’s post-hoc multiple comparison test results with ** p < (.01 ***

p <0.001 are indicated on the graph.
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Spatially regulated B-actin translation and Dynamin mediated endocytosis balance
each other to drive adherens junction maturation

Previously it was shown that exogenous expression of the 3'UTR deleted B-actin
contributes to approximately 20% of the total B-actin content in the cells (Gutierrez et al.,
2014). Consequently, 80% of B-actin mRNA in these cells is endogenous and contains
the zipcode. The endogenous B-actin mRNA localizes to cell-cell contacts to produce
actin monomer. However, reduced actin monomer at cell-cell contacts compared to cells
without any defects in B-actin mRNA localization, decreases the extent of cadherin-
catenin complexes anchoring to actin filaments. Reduced anchoring, combined with
increased endocytosis of cadherin-catenin complexes, causes defects in adherens junction
maturation. Inhibiting endocytosis in these cells tips the balance towards increased
anchoring of cadherin-catenin complexes, rescuing adherens junction maturation defects.
If however, the endogenous PB-actin mRNA is also mislocalized, adherens junction
assembly should remain perturbed even upon inhibiting dynamin mediated endocytosis.
In order to achieve mislocalization of endogenous f-actin mRNA, antisense
oligonucleotides that mask the B-actin mRNA zipcode were used (Gutierrez et al., 2014;
Shestakova et al., 2001) (Figure 21A). Pretreating MDCK cells with B-actin mRNA
zipcode antisense oligonucleotides does not affect E-cadherin or IMP-1 levels in cells
during calcium repletion (Figure 21B). However, pretreating MDCK cells partially
defective in localizing B-actin translation with B-actin mRNA zipcode antisense
oligonucleotides results in significant lamellar protrusive activity 3 hours after calcium
repletion (Figure 22A). Adding dynasore to cells treated with antisense oligonucleotides

results in taller cells, but lamellar protrusive activity is still present 3 hours after calcium
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repletion (Figure 22B). Concomitantly, FCI values remain low after calcium repletion
even in the presence of 80uM dynasore (Figure 22C). These results demonstrate that
zipcode dependent spatial regulation of endogenous B-actin translation is required to
balance endocytosis in cells with partial defects in B-actin mRNA localization. Inhibiting
endocytosis in cells with completely mislocalized B-actin translation cannot rescue
adherens junction maturation defects because these cells fail to produce sufficient

monomer to be able to anchor cadherin-catenin complexes.
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Figure 21: Design of p-actin mRNA zipcode antisense oligonucleotides and their
effect on ZBP-1/IMP-1 expression. (A) p-actin mRNA zipcode sequences in
mammalian model systems: humans, dogs, mouse and rats. Green shaded sequences are
consensus ZBP-1/IMP-1 binding sequences. Red shaded sequence corresponds to the
antisense oligonucleotides used in this study. (B) Immunoblot for E-cadherin and ZBP-1
in MDCK cells untreated or following 8 hour pretreatment with B-actin mRNA zipcode
antisense oligonucleotides during a calcium switch assay. 3hr Rec indicates 3 hours post

calcium repletion.
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Figure 22: Completely mislocalizing B-actin translation blocks adherens junction
assembly even with endocytosis inhibition. MDCK cells with partially mislocalized (-
actin translation (expressing A3'UTR B-actin mRNA) were pretreated with [B-actin
mRNA zipcode antisense oligonucleotides and fixed 3 hours after calcium repletion with:
(A) DMSO (0.5% v/v) or (B) 80uM dynasore; and immunostained for F-actin (Green), E-
cadherin (Red), and Nucleus (Blue). Scale bars = 10um. Dotted lines indicate cell
boundaries and * indicates nucleus of individual cells. AZ represents the distance
between the apical and basal planes in um. Note the lamellar overlap in the cells seen in
the basal compartment. (C) Box and whiskers plot for FCI values. Whiskers represent 2.5
to 97.5 percentiles. Dynasore treatment: 1 hour (N = 29); 2 hours (N = 29); 3 hours (N =
28) or DMSO treatment: 3 hours (N = 22). One-way ANOVA results for Dynasore with
B-actin mRNA zipcode antisense oligonucleotides treatment indicates no significant
difference with time in FCI values. Unpaired Student ¢ test indicates no significant
variation between Dynasore with antisense oligonucleotides and DMSO with antisense

oligonucleotides treatment 3 hours following calcium repletion.
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Inhibiting dynamin mediated endocytosis rescues barrier permeability defects in
cells with partially mislocalized B-actin translation

As seen in Chapter 2, a population of cells with 2 45% frequency of high FCI
values (0.5 — 1.0) for E-cadherin and F-actin, represents mature adherens junctions
(Figure 7). Additionally, such cell populations form a functional barrier measured by the
extent of fluorescent dextran permeability (Figure 17A, B). Along the same line of
analysis, frequency plots of FCI values for E-cadherin and F-actin in cells with partially
mislocalized B-actin translation treated with DMSO following calcium repletion were
plotted. The results show an increase in frequency of FCI values between 1 and 2 hours
(= 19% at 1 hour to = 56% at 2 hours) followed by a decrease 3 hours (= 14%) after
calcium repletion (Figure 23A). However, upon treating these cells with dynasore, a
progressive increase in the frequency of cells with high FCI values is observed (Figure
23B, = 26% at 1 hour; = 48% at 2 hours and =~ 49% at 3 hours after calcium repletion).
Results with dyngo4a also show a progressive increase in frequency of high FCI values
(Figure 23C, = 25% at 1 hour; = 43% at 2 hours and = 56% at 3 hours after calcium
repletion). These results confirm inhibiting Dynamin mediated endocytosis rescues
adherens junction assembly defects caused by partially mislocalizing -actin translation.
Additionally, a more complete mislocalization of -actin mRNA using B-actin mRNA
antisense oligonucleotides results in a significant reduction in the frequency of cells in
high FCI range (Figure 23D).

To assess the barrier functionality of assembling epithelial monolayers composed
of cells without defects in localizing B-actin translation, these monolayers were subjected

to a calcium repletion assay on transwell permeability inserts. The extent of barrier
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function increased as the cells assembled and matured adherens junctions (Figure 24A).
In comparison, cells with partial defects in localizing B-actin mRNA showed an inability
to form a functional barrier exhibiting = 6 fold higher permeability to fluorescent dextran
4 hours after calcium repletion. This defect in barrier function was however, rescued by
treating these cells with dynamin inhibitor during calcium repletion (Figure 24B). A
more complete mislocalization of B-actin translation using B-actin mRNA zipcode
antisense oligonucleotides abolished the rescue of barrier integrity observed by inhibiting
endocytosis (Figure 24C). These results show partial mislocalization of [-actin
translation can be compensated by inhibiting endocytosis, whereas a complete
mislocalization of B-actin translation blocks the rescue of adherens junction assembly and
epithelial function. Lastly, validating results seen in Chapter 2, the frequency of FCI

values in 0.5 — 1.0 range correlates with epithelial barrier function.
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Figure 23: Frequency of high FCI values for E-cadherin and F-actin correlate with
adherens junction maturation observed with dynamin inhibition in cells with
partially mislocalized B-actin translation. Frequency plots for high FCI values (0.5 —
1.0) of F-actin and E-cadherin in cells with partially mislocalized B-actin translation
(expressing A3'UTR B-actin mRNA) following: (A) calcium repletion with DMSO (0.5%
v/v); (B) calcium repletion with 80uM dynasore; (C) calcium repletion with 80uM
hydroxy-dynasore; and (D) pretreatment with [B-actin mRNA zipcode antisense
oligonucleotides as well as 80uM Dynasore or DMSO (0.5% v/v, black bars) following
calcium repletion. Bin size = 0.3. Note 3 hours after calcium repletion with DMSO the
proportion of cells with high FCI values decreases, while calcium repletion with 80uM
dynasore or hydroxy-dynasore results in a progressive increase in the proportion of cells
with high FCI values indicating adherens junction recovery. This progressive increase is
completely blocked by pretreatment with [-actin mRNA zipcode antisense
oligonucleotides indicating the dynamin inhibition mediated rescue of adherens junction
assembly in cells with partially mislocalized [-actin translation is dependent on

endogenous PB-actin mRNA zipcode function.
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Figure 24: Inhibition of dynamin mediated endocytosis in cells with partially
mislocalized B-actin translation rescues epithelial barrier function. (A) Graph
representing the percentage of TRITC-dextran in the bottom compartment in an in vitro
permeability experiment following a calcium switch in cells with proper localization of -
actin translation (expressing full length B-actin mRNA). Note that the percentage of
TRITC-dextran reduces in the bottom compartment progressively decreases following
calcium repletion. Bars represent Mean £ S.E.M. (B, C) Fold change in percentage of
TRITC-Dextran in the bottom compartment of MDCK cells with partially mislocalized -
actin translation relative to cells with proper localization of B-actin translation: (B)
following calcium repletion with DMSO (orange bars) or 80uM dynasore (green bars);
(C) pretreated with B-actin mRNA zipcode antisense oligonucleotides followed by
calcium repletion with 80uM dynasore. Note treating cells with partially mislocalized (-
actin translation with 80uM dynasore rescues the barrier integrity defect. Also, barrier
integrity fails to recover following calcium repletion upon a more complete

mislocalization of B-actin translation with zipcode antisense oligonucleotides.
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Dynasore dependent rescue of adherens junction assembly in cells with partially
mislocalized B-actin translation requires functional E-cadherin

Dynamin inhibitors block recycling of several transmembrane proteins including
E-cadherin. To test whether global inhibition of dynamin mediated endocytosis or more
specifically, E-cadherin function at the cell surface, was required for rescuing adherens
junction assembly in cells with partial defects in localizing B-actin translation, DECMA-
1, an E-cadherin function blocking antibody was used (Vestweber and Kemler, 1985).
Following calcium repletion in cells expressing A3'UTR B-actin mRNA that encodes [3-
actin with an eGFP —fusion tag, live cell imaging experiments were performed. In cells
treated with vehicle alone, contact initiation followed by contact expansion is observed as
an increase in distance between cell-cell vertices (Figure 25A, arrows). However, soon
after this phase, cells continue to overlap contacting neighbors and fail to reach the
junction maturation phase (Figure 25A). Cells treated with 80uM dynasore during
calcium repletion, also exhibit normal contact initiation followed by contact expansion.
However, this is followed by junction maturation seen as the accumulation of linear actin
cables running along the cell-cell interface. Additionally, lamellar protrusive activity is
shut off as the cells proceed through junction maturation stage 3 hours after calcium
repletion (Figure 25B). By contrast, treating cells with DECMA-1 and 80uM of dynasore
during calcium repletion not only abolishes the rescue of junction maturation, but also
inhibits contact expansion (Figure 25C). These data show that inhibiting Dynamin
mediated endocytosis requires E-cadherin function to rescue adherens junction assembly

in cells with partially mislocalized B-actin translation.
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Figure 25: E-cadherin function in conjunction with endocytosis inhibition is
required for rescuing adherens junction assembly in cells with partially mislocalized
B-actin translation. Montage of MDCK cells with partially mislocalized p-actin
translation (expressing A3'UTR f-actin mRNA that encodes an eGFP-fusion tag),
following calcium repletion. Cells were treated with: (A) 0.5% (v/v) DMSO or (B) 80uM
Dynasore or (C) 80uM DMSO + 100pg/mL DECMA-1, following calcium repletion.
Time is indicated as duration post initial contact (hh:mm). L is an estimate of contact
length and AL represents the increase in length with respect to the previous frame.
Arrows point to expanding contacts. Note in cells treated with DMSO, there is overlap of
neighboring cells while in cells treated with 80uM dynasore, contact expansion is
followed by retraction of the protrusion (dotted line). Treating cells with DECMA-1
completely abolishes contact expansion as seen by the lack of continued expansion of the
filamentous actin along the cell-cell interface. The data represents qualitative assessment
of retraction followed by contact expansion upon inhibition of endocytosis in cells
expressing A3'UTR -actin mRNA following calcium repletion. Three independent
experiments were performed for each condition in A, B and two independent experiments

for C.
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Spatial localization of B-actin translation regulates epithelial morphogenesis in 3
dimensional cyst cultures

Single MDCK cells embedded in Matrigel form 3 dimensional cysts with a single
layer and single fluid filled lumen over a period of 6-14 days. The sub-cellular
localization of newly synthesized B-actin protein in cyst cultures has not been
determined. To this end, MDCK cells expressing full length B-actin mRNA with a
tetracysteine coding tag were grown into cysts for 8§ days. A pulse chase experiment
using the biarsenical dyes: FIAsH and ReAsH (Gutierrez et al., 2014; Hoffmann et al.,
2010; Martin et al., 2005; Rodriguez et al., 2006) was performed to determine the
localization of newly synthesized P-actin monomer. After a 4.5 hour chase period,
ReAsH, which stains newly synthesized [-actin monomer within this period, is
asymmetrically distributed (Figure 26, ReAsH panel). Most of the newly synthesized 3-
actin monomer appears at the apical membrane while a slightly lesser, but still substantial
accumulation is observed at cell-cell interfaces (Figure 26, yellow and white arrows).
While it is yet to be determined whether B-actin mRNA is also asymmetrically localized
in epithelial cysts, the preliminary result indicates that B-actin protein is asymmetrically
incorporated in different sub-cellular compartments in 3 dimensional epithelial cysts.

To determine the extent to which spatial regulation of B-actin translation controls
epithelial morphogenesis, single cell suspensions of MDCK cells with either no defects in
localizing B-actin translation or those with partially mislocalized B-actin translation were
cultured in Matrigel for 6 days. The following morphometric measurements were made:
percentage of cysts with “normal morphology” — single layer single lumen (SLSL), mean

lumen diameter, and mean height of cells in SLSL cysts. While the cysts derived from
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cells with partially mislocalized B-actin translation have a slightly higher percentage of
SLSL cysts, the mean lumen diameter and the mean cell height are both significantly
lower compared to the controls (Figure 27A-C and C’'). These results indicate that
spatial regulation of B-actin translation controls cell shape and size during epithelial
morphogenesis.

In view of the above described observations with cysts derived from cells with
partially mislocalized p-actin translation, it was hypothesized that acto-myosin
organization is perturbed upon partially mislocalizing -actin translation. This could then
result in cell shape and size changes and ultimately gene expression changes by
impinging on mechano-transduction pathways. Additionally, experiments carried out in
2-dimensional calcium repletion assays indicated that cells with partially mislocalized B-
actin translation took a longer time to achieve confluence in culture, indicating a possible
defect in cell proliferation (Materials and Methods, Calclium Repletion Experiments).
In addition to changes in cell shape and size, cysts derived from cells with partially
mislocalized B-actin translation have fewer cells (Figure 27A, see number of nuclei).
There are two possibilities to explain these observations: (1) there is reduced
proliferation, or (2) there is increased apoptosis during cyst development. In order to test
which of these two plausible mechanisms could explain the size variation in cysts due to
mislocalization of B-actin translation, 6 day old cyst cultures were labelled with the cell
proliferation marker, EAU. Cysts derived from cells with partially mislocalized B-actin
translation have significantly fewer EdU positive cells per cyst than the controls

indicating that proliferation in these cysts is indeed reduced (Figure 28).
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Since, acto-myosin mediated tension in a cell lies at the core of any mechano-
transduction module, F-actin and Non-muscle Myosin IIA (NMIIA) organization was
evaluated in cysts derived from cells with either no defects in localizing B-actin
translation or with partially mislocalized B-actin translation. While control cysts show
well defined NMIIA and F-actin localized to cell-cell interfaces, cysts derived from cells
with partially mislocalized B-actin translation show a disorganized NMIIA, F-actin
network (Figure 29A). Additionally, tight junctions indicated by ZO-1 appear “wavy” in
cysts derived from cells with partially mislocalized B-actin translation, rather than the
polygonal appearance in control cysts (Figure 29B). These data together indicate that
cells with partially mislocalized B-actin translation exhibit defects in acto-myosin
organization that potentially contributes to a disruption of tight junction architecture and
results in cell shape and size changes. Recent reports shed light on Hippo and/or
Yap/TAZ pathways as regulators of gene expression changes by integrating acto-myosin
tension dependent mechano-transduction signals (Low et al., 2014; Yu and Guan, 2013).
One of the read outs of downregulated Hippo and/or YAP/TAZ pathways, is reduced cell
proliferation. Thus it is plausible that spatially regulated B-actin translation controls this
novel mechano-transduction module during epithelial morphogenesis.

Lastly, in order to explore the effect of acutely mislocalizing all B-actin mRNA
following normal epithelial morphogenesis, B-actin mRNA zipcode antisense or
scrambled oligonucleotides were added to 6 day old cysts derived from control cells.
Cysts treated with scrambled oligonucleotides display SLSL organization and no
morphological defects (Figure 30A). However, cysts treated with antisense

oligonucleotides show multiple layers of cells (Figure 30B). Additionally, 7.5 hours after
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treatment with B-actin mRNA zipcode antisense oligonucleotides cells begin to extrude
into the lumen of the cyst (Figure 30B, arrows). Taken together these preliminary results
indicate a role for spatially regulated B-actin translation in controlling cell shape, size,

and number during epithelial morphogenesis.
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Figure 26: Newly synthesized B-actin monomer localizes to the apical and lateral
plasma membranes in epithelial cysts. MDCK cells expressing tetracysteine tagged -
actin were seeded as single cells in matrigel and allowed to develop into cysts for 6 days.
The cultures were then pulsed with FIAsH for one hour to label all the PB-actin
synthesized till this point. Following a 4 hour cold chase period, cultures were labelled
with ReAsH for 30 minutes to track the newly synthesized -actin in the 4.5 hour chase
window. Cultures were then fixed and imaged using a 63X/1.4 N.A. on a Zeiss
CellObserver Spinning disc confocal. Note the accumulation of ReAsH signal (newly
synthesized B-actin) at the apical and lateral plasma membranes (yellow arrowheads and

white arrows, respectively. Scale bars = 10um.
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Figure 27: MDCK cysts assembled from cells with partially mislocalized B-actin
translation exhibit smaller cyst diameters and have shorter cell height. (A)
Representative images of MDCK cysts grown in matrigel for 6 days derived from control
cells (Full length B-actin mRNA expressing) or cells with partially mislocalized B-actin
translation (A3'UTR B-actin expressing). Scale bar = 10um. Note that the control cysts
are much larger than the ones derived from cells expressing A3'UTR B-actin mRNA. (B-
C) Physical characteristics of cysts derived from control cells (green bars) or A3'UTR -
actin mRNA expressing cells (red bars). (B) Percentage of cysts with a single layer and
single lumen (SLSL) — Normal cyst morphology. (C) Average height of cells in cysts
with single layer and single lumen morphology. (C’) Mean inner lumen diameter of
single layer single lumen cysts. Note that cysts derived from cells expressing A3'UTR -
actin mRNA have a smaller mean lumen diameter and are shorter than their control
counterparts. Total number of cyst analyzed: for A, Full length B-actin mRNA expressing
= 69 and A3'UTR B-actin mRNA expressing = 104; for B and C, Full length B-actin

mRNA expressing = 30 and A3'UTR B-actin mRNA expressing = 58.
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Figure 28: Cysts from cells with partial mislocalization of B-actin translation have
fewer proliferating cells. (A) 6 day old epithelial cysts derived from control cells (top
panel) and cells with partially mislocalized B-actin translation (Bottom panel) were pluse
labelled with EdU for 0.5 hours and stained with Alexa Fluor 555 conjugated azide using
click chemistry. Note the presence of higher number of EdU positive cells in the control
cysts. (B) Quantification of number of EdU positive (proliferating) cells per cyst. Full
length B-actin mRNA expressing cysts (N = 30), A3'UTR B-actin mRNA expressing cysts
(N = 58). An uppaired non-parametric student’s t-test yielded ****p < (0.0001. Box plots

with whiskers representing 2.5 and 97.5 percentiles.
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Figure 29: Acto-myosin and tight junctional organization is disrupted in epithelial
cysts derived from cells with partially mislocalized B-actin translation. (A) Cysts
derived from control cells (Top panel) and cells with partially mislocalized B-actin
translation (Bottom panel), immunostained for non-muscle myosin IIA (NMIIA, Green)
and F-actin (Rhodamine Phalloidin, Red). Note the disruption in NMIIA organization in
A3'UTR B-aactin mRNA expressing cells. (B) Cysts derived from control cells (left
panel) and cells with partially mislocalized f-actin translation (right panel),
immunostained for the tight junction marker ZO-1. Note the wavy nature of tight junction
organization in cysts derived from cells with partially mislocalized B-actin translation

(yellow arrows).
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Figure 30: Acute and complete mislocalization of B-actin translation in epithelial
cysts causes cells to extrude into cyst lumen. MDCK cells were seeded as single cells
and allowed to develop into cysts for 6 days. Cultures were then treated with 8uM (A)
scrambled oligonucleotides or (B) B-actin mRNA antisense oligonucleotides. Single cysts
were imaged using a 63X/1.33 N.A. water immersion objective on a Zeiss
AxioObserverZ1 widefiled microscope. DIC images were obtained. Top panel shows
individual cysts 7.5 hours after oligonucleotide treatment and bottom panel shows 22
hours after treatment. Note that the cyst treated with B-actin mRNA zipcode antisense

oligonucleotides has cells extruding into the lumen (red arrows).
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DISCUSSION

Actin-anchoring and endocytosis: The Yin and Yang of adherens junction complex
assembly

E-cadherin endocytosis contributes significantly to the dynamics of adherens
junctions (Kowalczyk and Nanes, 2012; Troyanovsky et al., 2006). While endocytosis is
required for redistributing E-cadherin at mature junctions (de Beco et al., 2009),
constitutively active Racl depletes E-cadherin from cell-cell contacts by increasing its
internalization (Akhtar and Hotchin, 2001), suggesting two roles for E-cadherin
endocytosis. The first is a rapid turnover during the initial phase of adherens junction
assembly following cell-cell contact where Racl activity is high, and the second is to
recycle E-cadherin at mature junctions following disassembly of trans dimers (Figure
31). In fact, non-trans interacting E-cadherin is preferentially internalized (Izumi et al.,
2004). Based on the evidence from literature and observations presented in this thesis, a
model of adherens junction assembly is proposed (Figure 31). This model suggests -
actin translation dependent actin filament remodeling drives E-cadherin clustering at the
cell surface to oppose the negative contributor, endocytosis of E-cadherin, and drives
adherens junction assembly in epithelial cells (Figure 31). The balance tips towards
reduced anchoring of the cadherin-catenin complex if actin filament assembly and
remodeling is blocked. This is shown by the use of pharmacological agents such as
Latrunculin A (Wu et al., 2015) and Cytochalasin B (Krendel and Bonder, 1999) or by
inhibiting cell-cell contact localized B-actin monomer synthesis (Gutierrez et al., 2014).

The result is that cells are unable to transition from contact initiation to contact
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maturation owing to endocytosis of cadherin-catenin complexes, which now dominates
actin anchoring of these complexes.

In Chapter 2, FCI analysis was developed as a tool to quantitate the extent of
protein complex assembly and it was shown that frequency of FCI values for E-cadherin
and F-actin serves as a measure of adherens junction assembly and maturation. Utilizing
this analysis in Chapter 3, it was shown that in epithelial cells that have partially
mislocalized B-actin translation, inhibiting dynamin mediated endocytosis results in a
rescue of adherens junction assembly/maturation. These results were in fact reproducible
with two different dynamin inhibitors — dynasore and a new generation of modified
dynasore, Dyngo4a, which has greater specificity for dynamin inhibition (Macia et al.,
2006; McCluskey et al., 2013). Cells that have partially mislocalized B-actin translation
have reduced frequencies of cells with high FCI measures during adherens junction
assembly unlike their wild type counterparts (compare Chapter 2, Figure 9 and Chapter
3, Figure 18). However, treating cells that have partially mislocalized B-actin translation
with the dynamin inhibitors, results in a rescue of adherens junction assembly defects.
This is quantified by FCI analysis for E-cadherin and F-actin during a calcium repletion
assay (Figures 19-21). Importantly, this aforementioned rescue of adherens junction
assembly is dependent on the function of the endogenously expressed B-actin mRNA,
which contains a functioning zipcode (Figure 22). Last but not least, high FCI values
which represent adherens junction assembly/maturation following de novo cell-cell
contact correlate with barrier integrity (Figures 23 and 24), and therefore are a useful

measure of epithelial functionality.
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B-actin zipcode functions as an integrator of several key signal transduction
pathways to control epithelial structure and function

Signal transduction by RhoA family of small GTPases — RhoA, Racl, Cdc42, and
the Src family of kinases regulate epithelial adherens junction dynamics (Calautti et al.,
1998; Manser, 2005; McLachlan and Yap, 2011; Menke and Giehl, 2012; Takahashi et
al., 2005). While each of the signaling molecules mentioned has a wide range of roles in
regulating epithelial cell-cell adhesion, their effect on F-actin dynamics at adhesions
serves as a convergence point to determine the adhesive fate of the cell and tissue. For
instance, Racl and RhoA show reciprocal spatio-temporal activation at cell-cell contacts
during adherens junction assembly. During the initial phases of cell-cell contact
formation, Racl activity at the cell periphery drives lamellipodia formation causing
cellular overlap and facilitating E-cadherin homophillic ligation (Yamada and Nelson,
2007). This is followed by a downregulation of Racl activity and an upregulation of
RhoA activity at cell-cell contacts (Figure 32). RhoA activity is maintained though
contact expansion phase with the highest activity localized to the expanding cell-cell
contact (Figure 32) (Yamada and Nelson, 2007). The RhoA activity at cell-cell contacts
serves as a signal for B-actin mRNA to be localized to this compartment (Gutierrez et al.,
2014; Latham et al., 2001). Localization and anchoring of cadherin-catenin complexes at
cell-cell contacts provides a scaffold for signaling molecules such as Src (McLachlan and
Yap, 2011). Src in turn acts to phosphorylate ZBP-1/IMP-1 resulting in the translation of
cell-cell contact localized B-actin (Gutierrez et al., 2014; Huttelmaier et al., 2005). In
addition, Racl activity increases E-cadherin recycling at the cell surface (Akhtar and

Hotchin, 2001). Thus a failure to downregulate Racl activity at cell-cell contact
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following contact initiation causes continued lamellipodail overlap. The resulting
reduction in E-cadherin clustering causes reduced Src activity and ultimately junction
maturation defects. Cell-cell contact localized B-actin translation thus acts as a key node
in the feedforward loop (Figure 31), wherein it integrates Rho family of GTPase
signaling, Src family of kinase signaling and E-cadherin recycling to ultimately control
epithelial adherens junction assembly and maturation.

In addition to the lessons learned from 2-dimensional cultures using the calcium
repletion assay, experiments carried out with 3-dimensional MDCK cyst cultures
demonstrate a crucial role for spatially regulated P-actin translation in epithelial
morphogenesis. First, preliminary evidence suggests that newly synthesized B-actin
monomer is asymmetrically local in mature cysts indicating a role for spatially regulated
translation. Next, upon partial mislocalization of B-actin translation, the cell size and cyst
size are significantly reduced along with fewer proliferating cells per cyst. Additionally,
the acto-myosin organization is perturbed plausibly causing a disrupted tight junction
organization. All these observations point to an altered gene regulatory pathway owing to
disrupted mechano-transduction apparatus. The most likely candidate for such an effect
seen on cell proliferation is the Hippo and/or YAP/TAZ pathway. It would be interesting
to test the total levels of phosphorylated YAP and or Hippo to determine whether this
pathway is indeed downstream of a mechano-transduction cascade with spatially
regulated B-actin translation at the top of the pathway. Further experiments along this line
of reasoning would shed light on a novel function for spatially regulated B-actin
translation in 3-dimensional epithelial morphogenesis as a key integrator of mechano-

transduction signaling cascades.
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Figure 31: Actin filament remodeling mediated E-cadherin clustering and E-
cadherin endocytosis balance each other during adherens junction assembly.
Schematic showing the three stages of de novo adherens junction assembly — contact
initiation, contact expansion and junction maturation. Contact initiation is characterized
by branched actin network at the leading edge of the cells. E-cadherin clustering mediates
actin filament remodeling from branched array to linear filaments which anchor adherens
junctions complexes, leading to the contact expansion phase. This is followed by an
inhibition of protrusive activity and junction maturation. Endocytosis acts to remove E-
cadherin-catenin complexes that are not actin anchored during contact expansion thus
contributing negatively to contact expansion. The actin driven clustering supersedes
endocytosis mediated removal of E-cadherin at the cell surface to drive adherens junction

assembly.
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Figure 32: RhoA is activated at cell-cell contacts following de novo epithelial cell-cell
contact. Active RhoA was imaged using a Raichu RhoA FRET biosensor in MDCK cells
following calcium repletion. Zones of RhoA activity are seen on the heat map at the areas

of contact expansion.
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MATERIALS AND METHODS

Cell culture and stable cell lines

MDCK — NBL2 cells (ATCC® CCL-34"") were cultured in DMEM supplemented
with 10% (v/v) FBS and 100 LU./mL Penicillin and 100pug/mL Streptomycin.
Transfection of these cells with eTC GFP B-actin full length and eTC GFP B-actin AZip —
(A3’UTR) (Addgene Plasmid #27123, #27124 and (Rodriguez et al., 2006)) was carried
out using Lipofectamine® 2000 (Life Technologies) as per manufacturer’s specifications.
Transfected cells were selected using 500pg/mL G418 (Sigma-Aldrich). Flow cytometry
was used to sort cells and obtain a homogeneous population of cells expressing GFP-3-

actin.

Calcium switch experiments

Cells were plated at a density of 250,000 cells (for full length B-actin mRNA
expressing cells) or 300,000 cells (for A3'UTR B-actin expressing cells) per well in a 6
well plate onto a 22X22mm No.1 coverslip (Fisher Scientific) and grown 48 hours. Cells
washed with 1XPBS and medium without serum and supplemented with 4mM EGTA
was added for 1 hour. Regular growth medium was added to initiate de novo adherens
junction assembly. Additionally, either DMSO (0.5% v/v) (Sigma-Aldrich) or Dynasore
(Sigma-Aldrich) at a concentration of 40uM/80uM/160uM or 4-Hydroxy Dynasore at a
concentration of 80uM (Sigma-Aldrich) was added.

Pretreatment of cells with B-actin mRNA zipcode antisense oligonucleotide

treatment was carried out in regular growth medium with 8uM of oligonucleotides for 12
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hours prior to start of the experiment with fresh oligonucleotides being added every 4
hours. This was followed by a calcium switch as described above, maintaining

oligonucleotides in the medium throughout the course of the experiment.

Live cell imaging

Cells were seeded at a density of 250,000 in 35mm MatTek dishes with glass
cover bottom (MatTek Corp.) for 48 hours and treated subject to low calcium treatment
as described above. FluorBrite DMEM (Life Technologies) supplemented with 10% FBS
and OxyFluor (Oxyrase) at 1% (v/v) was used as calcium repletion medium to minimize
photoxicity and photobleaching. Images were acquired on an inverted wide field Zeiss
microscope (Zeiss AxioObserver.Z1) equipped with an incubator chamber (37 °C and 5%
CO,) was used. A 63X water immersion objective, NA 1.33 was used. QuantEM 512SC
camera (Photometrics) was used with no binning. Time-lapse images were taken in GFP
channel (Filter Set 38HE, item number 489038-9901-000, Carl Zeiss, Inc) at 5 minute
intervals for 12 hours. DECMA-1 antibody (Sigma-Aldrich) was used at 100pug/mL

following calcium repletion.

Matrigel cultures

Single cell suspensions of MDCK cells expressing either full length or A3'UTR B-
actin mRNA were seeded at a density of 4000-5000 cells in 100% Matrigel per well of an
8-well multi-chamber slide (MatTek). Once the Matrigel polymerized, DMEM
containing 5% (v/v) FBS, 100 L.U./mL Penicillin and 100pug/mL Streptomycin was

added. Cysts were allowed to develop from single cells over a period of 6-8 days.
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Immunofluorescence and imaging

Cells were fixed at room temperature in 4% (w/v) paraformaldehyde in 1XPBS
(pH 7.2) for 20 minutes. 0.5% (v/v) Triton-X was used to permeablize the cells for 1
minute at room temperature. Followed by blocking in 1% (w/v) BSA, cells were
incubated in mouse monoclonal anti-E-cadherin primary antibody (1:200 dilution in
blocking solution, BD Biosciences, #610181) overnight at 4°C. Cells were then incubated
with goat anti-mouse Cy5 (Life Technologies) conjugated secondary antibody (1:1000
dilution in blocking solution for 1% hours at room temperature. Rhodamine-Phalloidin
(1:40 dilution in 1X PBS, Life technologies) was used to stain F-actin for 40 minutes at
room temperature. DAPI or Hoechst 33342 was used to stain the nucleus following which
coverslips were mounted using Prolong® Gold (Life Technologies). Images were
acquired using a Zeiss AxioObserver.Z1 microscope and a 63X oil immersion lens (NA
1.4). Z-stacks were acquired using QuantEM 512SC camera (Photometrics) or Cool Snap
HQ? (Photometrics) at a Z-depth of 240um per slice.

Cyst cultures grown in 8-well chamber slides were fixed at room temperature in
4% (w/v) paraformaldehyde in 1XPBS (pH 7.2) for 30 minutes. 0.5% (v/v) Triton-X was
used to permeablize the cells for 10 minutes at 4°C. Fixed and permeablized cultures
were then washed in 100mM PBS-Glycine. This was followed by blocking with 10%
(v/v) normal goat serum, 0.1% (w/v) BSA, 0.2% (v/v) Triton-X 100 and 0.04% (v/v)
Tween-20 in 1XPBS for 1 hour at room temperature. The cysts were then incubated with
primary antibody diluted in blocking solution (anti-ZO-1, mouse monoclonal, Sigma
Aldrich 1:200) overnight at 4°C. The chamber-slide was then allowed to equilibrate to

room temperature and cysts were washed with 0.1% (w/v) BSA, 0.2% (v/v) Triton-X 100
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and 0.04% (v/v) Tween-20 in 1XPBS. Cysts were then incubated with goat anti-mouse
Cy5 (Life Technologies) conjugated secondary antibody (1:200 dilution), Rhodamine-
Phalloidin (Life Technologies) (1:200 dilution), Hoechst 33342 (1:10,000) in blocking
solution at room temperature for 2 hours. Images were acquired using a Zeiss
CellObserver Spinning Disc confocal microscope fitted with a 40X oil immersion
objective (N.A. 1.0). Z-stacks were acquired using Evolve EMCCD camera

(Photometrics).

EdU labelling of Matrigel cyst cultures

MDCK cells expressing either full length or A3'UTR B-actin mRNA were seeded
into Matrigel as described above and allowed to develop into cysts for 6 days. Cysts were
then incubated for 45 minutes with 10uM EdU solution diluted in growth medium. The
cysts were then fixed with 4% (w/v) paraformaldehyde for 20 minutes at room
temperature. This was followed by permeablization with 0.5% (v/v) Triton-X 100 for 10
minutes at 4°C. The cysts were then washed twice with 100mM PBS-Glycine followed
by by two washes (3 minutes each) with 3% (w/v) BSA at room temperature. The click-
1T reaction cocktail (For = 500uL; 450uL of 1X reaction buffer diluted in water + 20uL
CuSO4 + 1.25uL AlexFluor conjugated Azide + 50uL additive. The order in which the
solutions are added must be the same as the list above) is added to the cysts and allowed
to incubate for 30 minutes at room temperature. The cysts were then washed with 3%
(w/v) BSA and the cysts were immunostained starting with blocking as described above.

EdU labelling kit was purchased from Life Technologies.
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Image processing and quantitative analysis

Images were processed using the Zeiss AxioVision 4.8.2 Deconvolution
algorithm with the following parameters — Autolinear normalization, Noise
regularization: Manual Strength — 6 and Constrained Iterative deconvolution. Processed
images were exported into Volocity” 6.1 (PerkinElmer). Two distinct cellular
compartments — cell periphery and the cytoplasm (interior of the cell excluding the
periphery and the nucleus) were defined using the ROI tool and the Pearson’s Correlation
Coefficient (for E-cadherin and F-actin) was computed using the object co-localization
tool. The data for all the cells was analyzed using MATLAB and graphed using
GraphPad Prism 5 software. For more details on image processing and analysis, see

Chapter 2.

In vitro permeability assay

MDCK cells expressing A3'UTR [-actin were plated at 700,000 cells per
Transwell® support (0.4pum pore size, Corning) in a 6 well plate and incubated for 48
hours. A calcium switch was performed as described above and 5mg/mL of 3000MW
TRICT-dextran was added in 1, 2, 3 or 4 hours after calcium repletion in the top
compartment for 2 hours. 200ul samples were taken from the top and bottom
compartments and fluorescence intensity was measured using a GloMax plate reader
(Promega). The ratio of the fluorescence intensities in the bottom and top compartments
was taken. The contribution of TRITC-dextran in the bottom chamber was used as a

proxy to assess the barrier functionality of a monolayer.
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CHAPTER 4: SPATIALLY REGULATED pB-ACTIN TRANSLATION
CONTROLS EPITHELIAL COLLECTIVE CELL MIGRATION BY
MODULATING ACTIN DYNAMICS AT LEADER-FOLLOWER CELL-CELL

ADHESIONS

INTRODUCTION

Collective cell migration is a hallmark of several key developmental processes
(Friedl and Gilmour, 2009). Some examples which have been studied include: border cell
migration in Drosophila melanogaster oogenesis (Montell, 2003), branching
morphogenesis in mammary epithelia (Ewald et al., 2008), and migration of neural crest
cells — a key feature in vertebrate development (Mayor and Theveneau, 2013; Theveneau
and Mayor, 2012). Several modes of migration based on the morphology of protrusions
in the migrating cells have been proposed: amoeboid migration driven by pseudopodia,
mesenchymal migration driven by lamellipodia and novel lobopodia in 3D matrices,
collective or chain migration driven by lamellipodia in leader-follower pairs, and cell
streaming directed by a combination of the above mentioned types of protrusive activity
(Friedl and Wolf, 2010; Petrie et al., 2014; Rorth, 2009; Roussos et al., 2011).
Omelchenko and colleagues described the formation of “leader cells” following
wounding in epithelial sheets, which were characterized by loss of marginal actin bundles
aligned parallel to the wound edge followed by the formation of large lamellipodia in
these cells (Omelchenko et al., 2003). Follower cells to either side of the leaders still

maintain actin bundles parallel to the wound edge and appear to follow suit after the
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leaders (Omelchenko et al., 2003; Poujade et al., 2007). This results in a collective sheet
migration in epithelial cells, unlike mesenchymal cells which behave as individual
migrating cells. While the dysfunction of epithelial collective behavior is essential for
neural crest migration and development, it is detrimental in epithelial cancers. A loss of
epithelial phenotype and gain of mesenchymal phenotype — Epithelial-to-Mesenchymal
Transition (EMT) — precedes the development of metastases in epithelial tumors (Bravo-
Cordero et al., 2012; Revenu and Gilmour, 2009).

Many signaling molecules play an important role in collective cell migratory
behavior (Ilina and Friedl, 2009). Some of the players that have been subject to extensive
studies in this context are: Rho family of small GTPases mediating cytoskeletal
rearrangements (Zegers and Friedl, 2014), Integrin family of transmembrane receptors
mediating cell-matrix adhesions during migration (Huttenlocher and Horwitz, 2011), and
Cadherin family of transmembrane receptors mediating cell-cell interactions during
collective migration (Friedl and Gilmour, 2009). While the role of mRNA localization is
being extensively studied in single cell migratory behavior (Liao et al., 2015; Mili and
Macara, 2009; Mili et al., 2008), its role in collective cell migration in epithelia is still
poorly understood. A non-exhaustive list of mRNAs that exhibit differential localization
in a ZBP-1/IMP-1 dependent manner within single migrating cells include: B-actin
(Lawrence and Singer, 1986), members of the Arp2/3 complex sub-units (Mingle et al.,
2005), and more recently cofilin (Maizels et al., 2015). On the whole = 3% of the
transcriptome in Human Embryonic Kidney 293 (HEK293) cells was found to be
associated with IMP-1, which is about 372 transcripts (Jonson et al., 2007). The

underlying common theme connecting many of the mRNAs localized to protrusions is the
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ability of their protein products to affect cytoskeletal dynamics and thus regulate cell
migratory behavior.

The goal of this chapter is to elucidate the role of spatially regulated B-actin
translation on the migratory behavior of wounded epithelial sheets. Work from Rob
Singer and colleagues has shown that spatially regulated B-actin translation is essential
for directional cell migration in fibroblasts (Latham et al., 2001; Shestakova et al., 2001).
Work presented in this thesis and previous publications from the lab have demonstrated a
role for spatially regulated B-actin translation in the formation of cell-cell adhesions
(Cruz et al., 2015; Gutierrez et al., 2014; Rodriguez et al., 2006). However, the extent to
which spatially regulated B-actin translation regulates collective epithelial cell migration
involving dynamic rearrangements of cell-cell adhesions and migration of cells is yet to
be explored. Results in this chapter indicate partial mislocalization of B-actin translation
leads to increased protrusion dynamics in leader cells. However, the increased activity of
the leading edge fails to translate to tissue level migration, where in fact cells with
partially mislocalized B-actin translation migrate at slower rates than tissues composed of
cells with no defects in localizing P-actin translation. Finally, FRAP experiments
demonstrate that spatially regulated p-actin translation controls actin dynamics at leader-

follower cell-cell adhesions to determine epithelial collective cell migratory behavior.
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RESULTS

Partial mislocalization of B-actin translation increases protrusive activity in leader
cells during epithelial collective cell migration

In order to determine the role of spatially regulated B-actin translation in epithelial
collective cell migration, MDCK cells without any defects in localization of B-actin
translation (Full length B-actin mRNA expressing) or partially mislocalized B-actin
translation (A3'UTR B-actin mRNA expressing) were grown into monolayers and an
infinite scratch wound was made. The exogenous B-actin expressed as an eGFP fusion
was used to track the dynamics of lamellipodial protrusions in leader cells following an
initial 2 hour refractory period (Figure 33). Radial velocities vectors were obtained and
plotted as a function of angle with respect to a fixed centroid (Dubin-Thaler et al., 2004;
Ryan et al., 2013). Vector maps show protrusions and retractions along various points on
the lamellipodium in leader cells with or without partial defects in localizing B-actin
translation (Figure 34A, 35A, red areas indicate protrusions, blue areas indicate
retractions). In order to measure the net velocity of the entire leading edge, an
instantaneous vector sum of the velocities was plotted for each time step. Both cells show
0 net velocities over a minute of analysis, with intermittent net protrusive and retractile
activity (Figure 34B, 35B, green and red arrows). These results are consistent with the
fact that protrusions have a half-life on the order of tens of seconds and over the minute
time scale of analysis the net protrusive activity is centered around 0 (Ryan et al., 2013).
The activity of the leading edge regardless of the direction of velocity i.e., protrusion or
retraction, can be measured by the root mean squared velocity (Vrums) at each time step.

While control cells have a Vrpms = 100nm/s (Figure 34C), leader cells with partially
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mislocalized B-actin translation have 1.5 fold higher Vgrys (Figure 35C, = 150nm/s).
These results taken together indicate that leader cells with partially mislocalized B-actin

translation have a more active leading edge than control cells.

Partial mislocalization of pB-actin translation reduces rate of collective migration in
epithelial sheets

To determine how the leading edge activity translates to rate of collective tissue
migration, wounded monolayers were imaged at low magnification to measure tissue
migration rates. Surprisingly, the rate of migration was about three times faster in control
cells as compared to cells with partially mislocalized B-actin translation (Figure 36A-C).
Additionally, epithelial sheets composed of cells with partially mislocalized B-actin
translation had overlapping cells 1.5 hours after wounding while control epithelial sheets
moved as a single sheet without significant overlap of cells (Figure 36A, B). The
controls cells had a relatively normal refractory period of about 10 — 15 minutes
following wounding, similar to wild type MDCK monolayers following wounding
(Matsubayashi et al., 2011). These results indicate although the leading edge of cells with
partially mislocalized B-actin translation is more active, these cells are less efficient in
translating the leading edge activity to tissue level migratory behavior.

Collective cell migration in epithelial sheets can be modeled by a physical system
that maintains a continual stretch with the following assumptions about the underlying
cell mechanics: first, cell-cell contacts transmit forces across the monolayer acting as
springs (Weber et al., 2012), and second, the cytoskeleton has a threshold strain value

beyond which it first reinforces and then fluidizes away from the source of the strain
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(Hamilton et al., 2013; Serra-Picamal et al., 2012). Trepat and colleagues showed that
pharmacological agents that stabilize the actin cytoskeleton, such as jasplakinolide, tend
to bring about the greatest fluidization in cells to stretch. On the contrary, lantranculin A,
which depolymerizes actin cytoskeleton, elicits a reduced fluidization of the cell to
stretch. Additionally, a more stable cytoskeleton causes a faster recovery to a solid-like
state (Trepat et al., 2007). The role of spatially regulated B-actin translation in collective
cell migratory behavior can be explained by superimposing the model of cell mechanics
described by Trepat and colleagues onto observations presented in this thesis. First, cells
with partially mislocalized B-actin exhibit defects in establishing and stabilizing cadherin
mediated cell-cell contacts (Cruz et al., 2015), which plausibly translate to the inability of
these cells to transmit sufficient forces via cell-cell adhesions during collective cell
migration. Second, partially mislocalizing B-actin translation results in a less stable
cytoskeleton, mimicking the effect of actin depolymerizing drugs such as latrunculin A.
The combined effect of the above two phenomenon, is lower migration rates of tissues
owing to lack of sufficient force transmission across the tissue and additionally, an
inability to efficiently stabilize the cytoskeleton to achieve cycles of fluidization and re-

solidification.
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Figure 33: Tracking leading edge protrusions in leader cells following model
wounds. MDCK cells expressing (A) full length and (B) A3'UTR B-actin mRNA with an
eGFP fusion tag were grown into monolayers and an infinite scratch wound was made to
stimulate collective cell migration. Live cell imaging was performed on leader cells and
images were acquired at an interval of 800ms. Using JFilament plugin for Imagel, the
protrusions were tracked (Red curves in A and B). Time is indicated in seconds for the

montages shown in A and B. Scale bar = 10um.
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Figure 34: Leader cells without any defects in localizing B-actin translation display
protrusive dynamics on the order of 100nm/s. (A) Radial velocity vector maps for
leader cells following model wound in monolayers composed of MDCK cells expressing
full length B-actin mRNA. Y-axis represents the angle with respect to the fixed centroid
of the protrusion. X-axis represents time in seconds. The heat map scale defines:
retractions (Blue to Green: Negative velocities) and protrusions (Green to Red: Positive
velocities). (B) Instantaneous mean radial velocity of the leading edge. The graph
represents a vector sum of the velocities at each time step shown in A. Black line
indicates Onm/s. Red arrows indicate a net retraction of the leading edge while Green
arrows indicate a net protrusion. (C) Root mean squared velocities (Vrus) of the leading
edge at any given time. Note the Vrys fluctuates around 100nm/s. The solid black lines
in B and C indicate the calculated mean radial velocity and Vgrys, respectively. The blue

bands in B and C represent the uncertainty in measurement.
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Figure 35: Leader cells with partially mislocalized B-actin translation display
protrusive dynamics on the order of 150nm/s. (A) Radial velocity vector maps for
leader cells following model wound in monolayers composed of MDCK cells expressing
A3'UTR B-actin. The Y-axis represents the angle with respect to the fixed centroid of
protrusion. X-axis represents time in seconds. The heat map scale defines: retractions
(Blue — Green: Negative velocities) and protrusions (Green — Red: Positive velocities).
(B) Instantaneous mean radial velocity of the leading edge. The graph represents a vector
sum of the velocities shown in A. Black line indicates Onm/s. Red arrows indicate a net
retraction of the leading edge while Green arrows indicate a net protrusion. (C) Root
mean squared velocities (Vrms) of the leading edge at any given time. Note that the Vrus
fluctuates around 150nm/s. The solid black lines in B and C indicate the calculated mean
radial velocity and Vguys, respectively. The blue bands in B and C represent the

uncertainty in measurement.
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Figure 36: MDCK monolayers composed of cells with partially mislocalized B-actin
translation exhibit 3 fold lower migration rates. Montages of MDCK monolayers
composed of (A) cells expressing full length B-actin-eGFP or (B) cells expressing
A3'UTR B-actin-eGFP, stimulated to collective migrate following model wound. Time is
indicated as hh:mm. Time gap between wounding and acquisition of first frame = 15
minutes. (C) Rate of migration into wound area represented as rate of change of area
following wounding (um*/min). Frames were acquired at 5 minute intervals and points
represent the rate of change on area every 5 minutes. Box plots with whiskers
representing 2.5 and 97.5 percentiles. Non-parametric Mann-Whitney test gave a
significance with ****p < 0.0001. Note that the cells expressing A3'UTR B-actin have
negative rates of migration which were observed as the monolayer retracted during the
initial phase following wounding. Also note that tissues with partially mislocalized B-
actin translation displayed significant cell-cell overlap which was largely absent from the

control cells.
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Actin dynamics at leader-follower cell-cell adhesions is controlled by spatially
regulated fB-actin translation

In order to assess the dynamics of P-actin at the cell-cell adhesions between
leader-follower cell pairs, Fluorescence Recovery After Photobleaching (FRAP)
experiments were performed. MDCK monolayers, assembled from control cells or cells
with partially mislocalized B-actin translation, were stimulated to undergo collective cell
migration into an infinite scratch wound. 2 hours following the scratch, FRAP analysis
was carried out on B-actin-eGFP at cell-cell interfaces of leader-follower pairs (Figure
37A, B, Red boxes). The normalized fluorescence intensities were fit to a one phase
association curve to obtain half times (t;,) of fluorescence recovery. Control cells show
higher t;; values compared to cells with partially mislocalized B-actin translation (Figure
37A’, B’, Control = 31s compared to A3'UTR B-actin mRNA expressing cells = 10s).

As a control, the dynamics of B-actin at cell-cell adhesions in steady state was
analyzed. Interestingly, the t;,, of fluorescence recoveries shows little variation between
cells that properly localize B-actin translation and cells with partially mislocalized B-actin
translation (Figure 38A, A’ and B, B’). These results indicate that upon stimulation of
collective migratory behavior epithelial cells establish a new dynamic equilibrium for -
actin at cell-cell adhesions in leader-follower pairs. Importantly, this new equilibrium is
dependent the spatial regulation of B-actin translation (Figure 39A). Although the t;;, of
fluorescence recovery times was similar in monolayers of cells with and without partially
mislocalized B-actin translation, an estimation of the immobile fraction of B-actin-eGFP
at cell-cell contacts in steady state is significantly higher in cells with partially

mislocalized B-actin translation (Figure 39B, C). These results indicate a more stable [3-
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actin pool at cell-cell adhesions in monolayers assembled from cells with partial defects
in B-actin translation. However, upon stimulation of collective cell migration, partial
mislocalization of B-actin translation results in a faster turnover of B-actin at cell-cell
interfaces of leader-follower cell pairs. These seemingly contradictory results can be
reconciled by the following logical argument. In steady state conditions, partial
mislocalization of B-actin translation leads to an inability to synthesize a local pool of -
actin to drive filament polymerization at cell-cell adhesions (Gutierrez et al., 2014),
causing a lower turnover of actin filaments. Upon stimulation of collective cell migration,
the same defect in B-actin translation leads to an inability to stabilize and maintain
filament populations leading to increased turnover of actin during the dynamic
rearrangements which occur in a migrating tissue.

Together, with observations from collective tissue migratory behavior (Figure
36), the FRAP experiments support the hypothesis that spatially regulated B-actin
translation controls actin dynamics during collective cell migration to bring about cycles
of fluidization and reinforcement. Partial mislocalization of B-actin translation causes the
actin filaments to be less stable; resulting in increased turnover and concomitantly
suppresses collective cell migratory behavior. These results point to a fundamental role
for spatially regulated B-actin translation in governing cell mechanics during collective

cell migration,
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Figure 37: B-actin displays increased dynamics at leader-follower cell-cell adhesions
in cells with partially mislocalized p-actin translation. (A, A’) MDCK cells expressing
full length B-actin-eGFP. (B, B") MDCK cells expressing A3'UTR B-actin-eGFP. (A, B)
Top panels: Confocal images of leader cells. Scale bar = 10um. Bottom Panels: Area
shown by the Red box in A or B and displayed as a montage for representative FRAP
experiments. Time is indicated in seconds and time 0 represents image acquired
immediately following photobleaching of the yellow boxed area. (A’, B’) Graphs
showing Normalized Fluorescence Intensity as a function of time following
photobleaching. (A') Green and (B’) Red curves represent the one phase association best
fit for the data points shown by (A’) green and (B') red solid circles. Insets indicate R* for
the best fit curve and the corresponding t;, of fluorescence recovery. Note that the t;, of
fluorescence recovery is about 3 times higher in control compared to cells with partially

mislocalized B-actin translation.
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Figure 38: B-actin dynamics at cell-cell adhesions in steady state monolayers is
unaffected by spatially regulated B-actin translation. (A, A’) MDCK cells expressing
full length B-actin-eGFP. (B, B") MDCK cells expressing A3'UTR B-actin-eGFP. (A, B)
Top panels: Confocal images of cells in steady state. Scale bar = 10um. Bottom Panels:
Area shown by the Red box in A or B and displayed as a montage for representative
FRAP experiments. Time is indicated in seconds and time 0 represents image acquired
immediately following photobleaching of the yellow boxed area. (A’, B’) Graphs
showing Normalized Fluorescence Intensity as a function of time following
photobleaching. (A') Green and (B’) Red curves represent the one phase association best
fit for the data points shown by (A’) green and (B') red solid circles. Insets indicate R* for
the best fit curve and the corresponding t;, of fluorescence recovery. Note that the t;, of
fluorescence recovery in control cells is of the same order as in cells with partially

mislocalized B-actin translation.
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Figure 39: Cells with partially mislocalized B-actin translation display faster actin
turnover at cell-cell adhesions in leader follower pairs and decreased recovery at
cell-cell adhesions in steady state. (A) Box plots representing t1/2 of fluorescence
recoveries for f-actin-eGFP at cell-cell contacts in leader-follower cell pairs and at steady
state. Whiskers indicate 2.5 and 97.5 percentiles. Individual non-parametric unpaired
student’s t-test with Welch’s correction was carried out for leader-follower pairs and
steady state pairs. * p = 0.0296. (B) Box plots representing the immobile fractions from
independent experiments on steady state cell-cell adhesions. Whiskers indicate 2.5 and
97.5 percentiles. Unpaired student’s t test gave a p value of 0.0021. (C) Representative
FRAP experiments to calculate the immobile fraction of B-actin eGFP at cell-cell
adhesions in steady state monolayers. Top panel: Cells expressing full length B-actin-
eGFP; Bottom panel: Cells expressing A3'UTR B-actin-eGFP. Scale bar = 10um Red
boxes indicate the zoomed in view used for the montages shown on the right indicating
the photobleached area (yellow box) and fluorescence recovery. Time is indicated in

seconds and 0 represents image acquired immediately following photobleaching.
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DISCUSSION

Spatially regulated B-actin translation governs actin dynamics influencing collective
cell migratory behavior

MDCK monolayers have been extensively used to study the behavior of collective
cell migration in epithelial cells following wounding (Farooqui and Fenteany, 2005;
Fenteany et al., 2000; Matsubayashi et al., 2011; Poujade et al., 2007). Results presented
in this chapter shed light on the role of the spatially regulated B-actin translation in
collective epithelial migration. First, partial mislocalization of B-actin translation results
in a more dynamic leading edge (Figure 34, 35). However, these cells migrate at a rate
about three times slower than control cells with no defects in localizing PB-actin
translation (Figure 36). Interestingly, cells with partially mislocalized B-actin translation
showed a more dynamic actin population from FRAP experiments at leader-follower cell-
cell adhesions during collective migration (Figure 37, 39A). Additionally, actin at cell-
cell adhesions in steady state monolayers showed similar kinetics of recovery
independent of the status of spatially regulated B-actin translation in these cells (Figure
39A). However, the extent of fluorescence recovery is significantly lower in steady state
monolayers composed of cells with partially mislocalized B-actin translation (Figure
39B). Taken together, a model can be deduced for epithelial collective cell migratory
behavior incorporating the role of spatially regulated B-actin translation. First, spatially
regulated B-actin synthesis controls the pool of available actin at cell-cell adhesions in
steady state monolayers, but not the overall rate of filament turnover. Second, upon

induction of collective cell migratory behavior, spatially regulated B-actin synthesis acts
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to keep the filament populations at cell-cell adhesions between leader and follower cells
more stable by reducing the rate of filament turnover. This suggests that the dynamic
rearrangement of cell-cell adhesions that occur due to mechanical stimuli during
collective cell migration result in a relatively stable actin filament population. The slow
turnover of these filaments is in turn controlled by spatially regulated B-actin translation.
Partially mislocalized B-actin translation results in increased filament turnover, and as a
result cells fail to undergo cycles of fluidization and re-solidification. As a consequence
cells with partially mislocalized B-actin translation migrate at a slower pace than cells

with properly localized B-actin translation.

Epithelial collective cell migration is an emergent property of single cell behavior
and cell-cell interactions

Collective cell migration in epithelia is a result of balancing forces exerted by:
cell-matrix and cell-cell adhesions (Weber et al., 2012). The latter, cell-cell adhesions, is
the main subject of this discussion and is mediated by cadherins. E-cadherin mediated
adherens junctions are important players in transducing mechanical forces across the
migrating tissue and are required for cohesion during migration. A tugging force on the
cadherin adhesions as result of migrating leader cells can do one of the following:
reinforce the adhesions, resulting in cohesive epithelial migration or cause cells to
dissociate, leading to mesenchymal transition of epithelia seen in metastasis. In normal
epithelial cells, a tugging force on cadherin mediated junctions results in a RhoA
dependent Myosin II feedback loop which acts to reinforce the junctions (le Duc et al.,

2010; Lecuit and Yap, 2015). In fact, E-cadherin dependent RhoA activation and
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subsequent Myosin II activity at the apical junctions is essential for junctional integrity
and barrier function (Priya et al., 2013; Twiss et al., 2012). In addition to regulating
Myosin II activity, RhoA, activates LIM-kinase 1 which acts to inhibit the activity of
cofilin, an actin filament severing protein. Par-3, a component of the apical polarity
complex, has also been shown to regulate tight junction assembly and barrier integrity by
decreasing cofilin activity at the zonula adherens (Chen and Macara, 2006).

Life at the leading edge of an epithelial leader cell is, however, very different
from the biochemical and mechanical cues governing the dynamics of cell-cell adhesions
in a migrating tissue (Figure 40). The front and rear end of cells during collective cell
migration are polarized with different effectors (Mayor and Etienne-Manneville, 2016).
While an actin driven cadherin tread-milling is observed (Peglion et al., 2014), it is
known that E-cadherin adhesions increase with increasing intercellular tension forces
(Bazellieres et al., 2015). Additionally, the activity of signaling molecules such as Rho
family of small GTPases is tightly controlled both at the leading edge and at cell-cell
adhesions. While Rac and Arp2/3 activity is high at the lamellipodia driving branched
actin filament polymerization, RhoA activity dominates at the cell-cell adhesions
increasing contractility and reinforcing the actin cytoskeleton. The net result of this
differential signaling is the cohesive migration of the epithelial tissue (Figure 40)
(Omelchenko et al., 2003; Zegers and Friedl, 2014). In addition to the Arp2/3 complex,
other actin binding proteins, notably cofilin — an actin severing protein, are also
differentially localized to the leading edge (Bamburg, 1999). Cofilin activity increases
free barbed ends promoting polymerization. Its activity is regulated by several

mechanisms: cofilin mRNA localizes to the leading edge (Maizels et al., 2015), PIP2
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hydrolysis mediated cofilin release from the plasma membrane (Mouneimne et al., 2004),
and global LIMKI1 activity acts to phosphorylate and inhibit cofilin activity (Wang et al.,
2007). Another important node of the complex signaling that occurs at the basal surface
of cells during collective cell migration comes from Integrinfl mediated cell-matrix
adhesions. These adhesions regulate Rac activity downstream of a PI3K signaling
cascade in leader cells (Yamaguchi et al., 2015). Rac activation and Arp2/3 mediated
branched actin filament assembly aid lamellar protrusive activity in leader cells, as well
as in basal surface of follower cells which form cryptic lamellipodia extending beneath
multiple rows of cells (Farooqui and Fenteany, 2005). Also, cofilin and Arp2/3 have been
shown to synergistically regulate the actin dynamics at the leading edge resulting in
protrusive activity (DesMarais et al., 2004). The net result of this complex regulatory
mechanism is lamellipodium localized cofilin activity which then promotes directional
cell migration (Bravo-Cordero et al., 2012; Sidani et al., 2007; Zhang et al., 2011).
Collective cell migratory behavior is thus a consequence of biochemical and mechanical
coupling of cell-cell adhesion mediated interactions at the apical surface and cell-matrix

mediated interaction on the basal surface (Figure 40).
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Figure 40: Schematic representing role of spatially regulated p-actin translation in
epithelial collective cell migration. Collective cell migration in epithelial sheets is
characterized by tugging forces on cells due to cadherin mediated cell-cell adhesions.
These forces tend to activate signaling cascades, notably increased RhoA activity,
reduced Arp2/3 actvity, and reduced cofilin activity, all of which act to reinforce the cell-
cell adhesion. Conversely the afore mentioned signaling cascades act in the opposite
direction at the leading edge in a leader/follower cell, i.e., decreased RhoA activity,
increased Rac activity, increased cofilin activity, all which act to mediate a dendritic actin
array and push the cell forward. Additionally, cadherin endocytosis at the basal surface of
cell-cell contacts in a migrating epithelium acts to render protrusive activity to the basal
surface resulting in cryptic lamellipodial protrusions in follower cells which also
contribute to tissue migration. The bottom portion of the schematic shows derailed
endocytosis in cells with partial mislocalization of -actin translation resulting in reduced
cadherin anchoring to the actin cytoskeleton. This causes a decrease in the biochemical
signals that would otherwise act to reinforce cell-cell adhesions. Also, I propose that
there a corollary increase in the biochemical signaling, namely cofilin activity and Arp2/3
activity at cell-cell adhesions as a result of mislocalizing B-actin translation leading to a

more dynamic actin cytoskeleton at cell-cell adhesions in these cells.
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MATERIALS AND METHODS

Cell culture and wounding to stimulate collective cell migration

MDCK — NBL2 cells (ATCC® CCL-34™) were cultured in DMEM
supplemented with 10% (v/v) FBS and 100 LU./mL Penicillin and 100ug/mL
Streptomycin. Transfection of these cells with eTC GFP B-actin full length and eTC GFP
B-actin AZip — (A3’UTR) (Addgene Plasmid #27123, #27124 and (Rodriguez et al.,
2006)) was carried out using Lipofectamine®™ 2000 (Life Technologies) as per
manufacturer’s specifications. Transfected cells were selected using 500pug/mL G418
(Sigma-Aldrich). Flow cytometry was used to sort cells and obtain a homogeneous
population of cells expressing GFP-f-actin. Monolayers assembled from MDCK cells in
glass bottom dishes (Mattek Corp.) were scratched to make an infinite wound and
stimulate collective cells migration. FluorBrite DMEM (Life Technologies)
supplemented with 10% FBS (Gibco), 100 L.U./mL Penicillin, 100pg/mL Streptomycin
and 1% OxyFluor (Oxyrase) along with 100mM Sodium-dl-lactate as substrate was used

for live imaging cell experiments.

Measuring rate of tissue migration

Wounded monolayers were imaged using a 20X objective at 5 minute intervals
following wound generation. Image] was used to determine the area covered by the
wound within successive time frames. Statistical analysis was performed using GraphPad
Prism software. An unpaired student’s t-test was performed and significance was reported

by p values.
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FRAP experiments

MDCK monolayers were scratched to make an infinite wound and allowed an
initial 2 hour refractory period for the migration to reach equilibrium. -actin-eGFP was
imaged on a cLSM510 Meta microscope using a 63X/1.4 N.A. oil immersion objective
and a 488nm argon laser. A pinhole diameter equivalent to 2.0 airy units and a 3X zoom
factor was used to image cell-cell adhesion in steady state or leader-follower pairs. A
bleach ROI was demarcated for the actin at the cell-cell contacts and a 100% Laser power
with 100 bleach iterations was used to perform photobleaching following acquisition of
two initial pre-bleach frames. Following bleaching, images were acquired at 25s intervals
for a period of 300 seconds. Acquisition was done at 50% laser intensity with 50% laser
output and 12 bit images were acquired at 1024X1024 resolution. StackReg plugin in
ImageJ was used to account for drift in cells during acquisition. Multiple unbleached
ROIs was defined for actin at cell-cell adhesions within the acquisition frames and
background values were subtracted for bleach ROIs and unbleached ROIs. Bleach ROI
intensities were normalized to intensities in unbleached ROIs. Normalized fluorescence
intensities were plotted as a function of time in GrpahPad Prism software and fit to a one
phase association curve using non-linear regression analysis. The obtained t;, of
fluorescence recoveries were tested for statistical significance using unpaired student’s t-
test. t/1» values within 2.5 standard deviations from the mean were used for statistical
analysis.

For measurement of immobile fractions, the experiments were setup as detailed
above with the following variations: post bleach acquisition was done at times Os and

325s. The immobile fractions were estimated as:
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IMF = 1- = ...Equation (6)

0

Where IMF is the immobile fraction; F..: fluorescence intensity in bleach ROI at the final
acquisition and; Fy: fluorescence intensity in bleach ROI pre-bleach.
Statistical analysis was carried out using unpaired student’s t-test and significance was

reported by p values.

Leading edge tracking and velocity measurements

Following a 2 hour refractory period post generation of wound, leader cells
expressing PB-actin-eGFP were chosen and imaged using a 100X/1.46 N.A. on a Zeiss
Cell Observer Spinning Disc confocal microscope equipped with an 488nm Argon laser.
Laser intensity was set to 15%, with a 400ms exposure time and images were acquired
every 800ms for a period of 5 minutes. The images were contrast adjusted and smoothed
in ImageJ to show the leading edge of the cells. The leading edge was tracked using
JFilament plugin for ImageJ (Li et al., 2009; Smith et al., 2010). Leading edge velocity
estimates were then determined using the Leading Edge Position Velocity plugin for
ImageJ (Ryan et al., 2012; Ryan et al., 2013). Custom script written in Python was used
to plot the radial velocity vectors. Mean radial velocity was then calculated by carrying
out a vector sum of the radial velocities for each point along the leading edge for any

given time. Root mean squared velocities were obtained using the following formula:

Vaums = % P ...Equation (7)

i=1"1
Where n = integral number of degrees in the arc subtended by the protrusion.

Uncertainty in velocity measurements were calculated as a function of image resolution

according to the following equation:
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Image resolution

. . . V2
Uncertainty in Volocity = — x —— ,
2 time interval between images

...Equation (8)
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

Work presented so far in this thesis and elsewhere has explored the role of
spatially regulated B-actin translation in cellular processes such as cell migration
(Shestakova et al., 2001), cell-cell adhesion (Cruz et al., 2015; Gutierrez et al., 2014;
Rodriguez et al., 2006), cell-matrix adhesion (Katz et al., 2012), and growth cone
guidance in neurons (Welshhans and Bassell, 2011). The underlying common theme in
all these studies is that they focus on fundamental cellular behavior typically in a simple
single cell context or at most multiple cells of the same type growing in culture. Working
on principles gleaned from the above mentioned studies, it is important to understand
how the spatial regulation of B-actin translation is important at the organ and organismal
levels.

Furthermore, dysregulation of IMP-1 in the context of disease such as cancer has
been the subject of some studies in the recent past (Bell et al., 2013; Gu et al., 2009;
Hamilton et al., 2013; Wang et al., 2004; Wang et al., 2002). While some studies have
found IMP-1 to be an oncogene, others have concluded that it is a tumor suppressor. How
then does one reconcile this dichotomy? The focus of these studies has been on the RNA
binding protein — IMP-1, and the phenotype of a cell with gain/loss of function of an
RNA binding protein (RBP) would be dictated by the transcriptome of the cell which is
capable of being regulated by the said RBP. Thus any conclusions about the effect of the
RBP on the phenotype that do not take into account the expression of all the mRNAs
being regulated by the RBP should be re-evaluated critically. One approach to this

complex question regarding the role of IMP-1 in diseases such as cancer is to explore the
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expression pattern of transcripts, which are regulated by IMP-1 and carry out opposing
functions in a cell — such as those of oncogenes and tumor suppressors, epithelial and

mesenchymal genes, proliferative and apoptotic genes.

Mini guts: an ex vivo model system of small intestinal crypt homeostasis to study the
role of spatially regulated B-actin translation in epithelial morphogenesis

The small intestine is one of the fastest regenerating epithelium with a
characteristic replenishment rate of 4-5 days for the entire epithelium. This makes the
small intestine an excellent model system to study the role of spatial regulation of B-actin
expression in epithelial homeostasis. ZBP-1/IMP-1 — the RNA binding protein required
for B-actin mRNA localization and translational regulation, is essential for normal
development of the small intestine. Impl”~ mice show gross histological defects in the
small intestine and exhibit dwarfism phenotype plausibly due to intestinal dysfunction
(Hansen et al., 2004). Although the total expression level of B-actin mRNA and protein
remain unchanged in Imp1 " mice, the spatial distribution of B-actin gene expression has
not been evaluated. It is plausible that the abnormal small intestinal development and
dwarfism phenotype observed in Impl null mice is due to the dysfunction of spatial
regulation of B-actin translation as seen in MDCK cyst cultures (Chapter 3). However, it
is more likely that the phenotype associated with the loss of Impl is due to the
deregulation of post-transcriptional control of several mRNA targets of the RNA binding
protein. In order to determine the role of spatially regulated P-actin translation
specifically on small intestinal homeostasis, an organotypic culture model developed by

the Hans Clevers group was adopted in this thesis. The model involves isolation of small
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intestinal crypts (stem cell and proliferative compartment of the small intestine) and their
ex vivo culture. The crypts develop into epithelial organoids or “mini guts” when
embedded in Matrigel (Sato and Clevers, 2013; Sato et al., 2009). These cultures provide
an excellent model system to study the role of spatially regulated B-actin translation in the
context of a complex, self-renewing epithelial tissue. They are amenable to manipulations
such as adding B-actin mRNA zipcode antisense oligonucleotides, which then mask IMP-
1/B-actin mRNA interaction. Additionally, the B-actin protein and mRNA can be tracked
in live mini-guts using crypts isolated from transgenic mice expressing GFP-tagged -
actin (Gurniak and Witke, 2007), and MCP (MS2 bacteriophage capsid protein) x -actin

MBS (MS2 binding site) (Park et al., 2014), respectively.

Cancer and ZBP-1/IMP-1: Does spatially regulated translation take center stage in
disease progression?

Previous studies have shown that ZBP-1/IMP-1 dependent mRNA localization
pathway is disrupted in cancer cells. Specifically, metastatic breast cancer cells showed a
marked down regulation of ZBP-1 expression and the extent of downregulation was
correlated to metastatic potential (Wang et al., 2002). Also, the ZBP-1 promoter was
found to be methylated in metastatic cancer cells compared to non-metastatic cancer cells
(Gu et al, 2009). These data suggest that the ZBP-1/IMP-1 dependent post-
transcriptional gene regulation is an important and yet, underappreciated mechanism
controlling tumor cell invasion and disease progression. It is hypothesized a loss of ZBP-
1/IMP-1 expression results in metastatic phenotype owing to a less polarized

cytoskeleton which causes more efficient chemotaxis (Wang et al., 2004). However, in
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addition to promoter methylation, another mode of ZBP-1/IMP-1 regulation in cancer and
metastasis is the alternative polyadenylation and cleavage of its 3'UTR resulting in
increased stability of the IMP-1 transcript. This aberrant expression profile of IMP-1 has
been shown to promote transformation (Mayr and Bartel, 2009). Additionally, some
studies also point to an oncogenic role of IMP-1, from promoting tumor growth,
dissemination to upregulation of metastatic genes like LEF1 and SLUG (Bunnell and
Ervasti, 2011; Zirkel et al., 2013). These seemingly contradictory hypotheses regarding
the role of IMP-1 in cancer progression, arise from the complexity of the phenotype
resulting from gain or loss of function of an RNA binding protein with about 300 mRNA
targets (Jonson et al., 2007). Thus, in order to ascertain the role of IMP-1 in cancer
progression, it is imperative to determine the transcriptional state of the “zipcode

containing” genes.

PRELIMINARY RESULTS

ZBP-1/IMP1 is localized to the stem cell compartment in intestinal epithelia
ZBP-1/IMP-1 is expressed during mouse development, increasing at embryonic
day 12.5 followed by a marked downregulation of expression in most organs, expect for
the intestinal epithelium (Hansen et al., 2004; Zinchuk et al., 2007). IMP-1 expression in
the small intestinal epithelium of the adult mouse is localized to the crypt compartment.
More specifically, cells in the +4 position from the crypt base show a strong positive
signal for the presence of IMP-1 (Figure 41). These findings were confirmed from

Kathryn Hamilton’s work in Anil Rustgi’s group looking at the role of IMP-1 in
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regulating autophagy related transcripts in the intestine (Personal communication from
Kathryn Hamilton). Additionally, IMP-1 is localized to the crypt compartment in the
large intestine (Figure 42). These results indicate a role for IMP-1 in maintaining
intestinal homeostasis by post-transcriptional gene regulation in the stem cell

compartments of both the small and large intestines in the adult mouse.

Spatially regulated f-actin translation is required for the maintenance of small
intestinal crypt architecture

In order to observe the spatial expression pattern of B-actin protein during
epithelial homeostasis in the small intestine, crypts were isolated from human GFP-actin
expressing (huGE) mouse (Gurniak and Witke, 2007) and grown in Matrigel as ex vivo
cultures. B-actin-GFP localizes largely to the apical membrane composed of microvilli
and the zonula adherens. B-actin-GFP is also observed to localize to the lateral cell-cell
adhesions and almost completely absent from the basal plasma membrane (Figure 43).
The asymmetric localization pattern of B-actin remained unchanged as the crypt cultures
expanded to form mini-guts over a period of 5 days. These results along with the
localization of IMP-1 to the crypt compartment suggest spatially regulated B-actin
translation plausibly plays a role in the asymmetric localization of B-actin in small
intestinal crypts.

In order to test the above hypothesis, small intestinal organoids were treated with
B-actin mRNA zipcode antisense oligonucleotides. Interestingly, the crypts treated with
B-actin mRNA antisense oligonucleotides show marked disruption in epithelial

organization followed by a complete loss of crypt morphology. Control crypts either
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untreated or treated with scrambled oligonucleotides show normal organization and
expansion (Figure 44). These preliminary findings, taken together with the localization
of IMP-1 to the crypt compartment suggest a role for spatially regulated PB-actin

translation in the maintenance of small intestinal epithelium.
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Figure 41: IMP-1 localizes to the proliferative compartment in mouse small
intestinal crypts. Paraffin embedded mouse small intestinal sections were stained for
IMP-1 using immunohistochemistry. Left Panel: Representative photomicrographs of
small intestinal sections acquired at 30X magnification. Right Panels: 60X magnification
images of red boxed areas in the left panels. Dark brown staining at the crypt base

indicates the presence of IMP-1 positive cells.
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Figure 42: IMP-1 localizes to proliferative compartment in the mouse colonic
epithelium. Paraffin embedded mouse large intestinal sections were stained for IMP-1
using immunohistochemistry. Left Panel: Representative photomicrographs of small
intestinal sections acquired at 30X magnification. Right Panels: 60X magnification
images of red boxed areas in the left panels. Dark brown staining at the crypt base

indicates the presence of IMP-1 positive cells.
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Figure 43: The mouse small intestinal crypt display an asymmetric localization of f3-
actin protein expression. Grey scale images of GFP fluorescence inverted to better
observe the signal. (A) Small intestinal crypts from human GFP-B-actin expressing
mouse imaged on day 2 (top panel), day 4 (middle panel) and day5 (bottom panel). The
images were acquired at 20 minute intervals over a period of 12 hours each day. Time is
indicated in hh:mm. (A’) Magnified images of apical, lateral and basal surface of the
crypt. Magnified panels on the right indicate GFP localization for the boxed areas on the

left panel. Note the apical and cell-cell interface localized B-actin-GFP.
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Figure 44: Spatially regulated B-actin translation modulates small intestinal crypt
homeostasis. Mouse small intestinal crypts were isolated and cultured in Matrigel and
(A) untreated, (B, B') treated with 8uM p-actin mRNA zipcode antisense
oligonucleotides and (C) scrambled oligonucleotides and imaged. Montages show images
acquired over a period of 12 hours from left to right. The crypts show either normal
growth (A, C) with “buds” indicating proliferation and growth (see yellow arrows in A),
or complete disruption of crypt architecture upon treatment with B-actin mRNA zipcode

antisense oligonucleotides (B. B').
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Colon cancer cells are insensitive to perturbation of p-actin mRNA zipcode/IMP-1
interaction

The expression of IMP-1 and its role in driving tumor progression remains poorly
understood. While in certain cases, IMP-1 expression is downregulated in metastatic
cells, in other studies, IMP-1 is shown to be an onco-fetal protein driving tumor
progression (Bell et al., 2013; Bunnell and Ervasti, 2011; Gu et al., 2009; Wang et al.,
2004; Wang et al., 2002; Zirkel et al., 2013). Given its role in intestinal development and
post-natal expression pattern in the intestinal epithelium, colon carcinoma was chosen as
a model to study the role of IMP-1 in cancer progression. Seven different colon
carcinoma cell lines of varying origins (Zhang et al., 2009) were probed for IMP-1
expression. Interestingly, 5 out of the seven cell lines showed no detectable levels of
IMP-1. Also, one of these five cell lines, Lim 2551 showed no E-cadherin expression,
indicating these cells had undergone EMT (Figure 45A). Indeed Lim 2551 cells exhibit
minimal cell-cell adhesions and have a rounded morphology (Zhang et al., 2009). IMP-1
has 3 paralogs in humans: IMP-1, IMP-2 and IMP-3, each known to perform different
roles. IMP-1/3 are known to have an onco-fetal pattern of expression, playing roles in
development and tumor progression (Findeis-Hosey and Xu, 2011; Findeis-Hosey and
Xu, 2012; Zirkel et al., 2013). The third member of the family, IMP-2 is expressed in
non-neoplastic adult tissue and it role is poorly understood. To determine the expression
of these paralogs in the seven colon carcinoma cell lines, RT-PCR was carried out.
Paralog specific primers confirm the absence of IMP-1 specifically from three of the five
cell lines that showed no protein expression (Figure 45B). Lim 2550 and to a lesser

extent Lim 1215 express IMP-1 mRNA although the protein was not detectable in these
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cells. This indicates that IMP-1 is post-transcriptionally silenced in these cells. All seven
cell lines tested are positive for the expression of IMP-2 mRNA. IMP-3 mRNA is also
detected in all cells except Lim 1899 (Figure 45B). These results also confirm that the
paralog detected in the western blot analysis was indeed IMP-1.

The absence of IMP-1 expression in some of the colon carcinoma cells suggests
that the spatial regulation of B-actin translation through IMP-1 is no longer functional in
these cells. To confirm the same, f-actin mRNA zipcode antisense oligonucleotides were
added to Lim 1863 colon carcinoma cells that grow as floating organoids in culture. The
cells show no apparent change in morphology even upon adding B-actin mRNA zipcode
antisense oligonucleotides (Figure 46A, A’). On the other h, and Caco-2 colon cancer
cells express IMP-1, E-cadherin, and display adherens junctions (Kovacs et al., 2011). To
test the extent to which spatial regulation of B-actin translation via IMP-1 is functional in
these cells and determine its role in adherens junction assembly, calcium repletion
experiment was carried out (Chapters 2, 3). Pre-treating Caco-2 cells with B-actin
mRNA zipcode antisense oligonucleotides has little observable effect during the phases
of cell-cell contact formation and contact expansion. However, in both untreated control
cells as well as those pre-treated with f-actin mRNA zipcode antisense oligonucleotides
the contact expansion phase is followed by cells continuing to have lamellipodial
overlaps (Figure 46B, B’). Thus unlike typical epithelial adherens junction assembly,
Caco-2 cells are unable to restrict lamellipodial overlaps during junction maturation
phase. This defect is independent of spatially regulated B-actin translation unlike typical
epithelia. These preliminary results suggest that IMP-1/B-actin mRNA zipcode pathway

is dysfunctional in colon cells despite the expression of IMP-1.
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Figure 45: IMP-1 is transcriptionally/translationally down-regulated in several
colon cancer cell lines. (A) Western blot of cell lysates made from different colon cancer
cell lines. The top panel shows a blot for E-cadherin, middle panel for IMP1 and bottom
panel for GAPDH (loading control). (B) RT-PCR for IMP-1, IMP-2 and IMP-3 for
cDNA extracted from the seven colon cancer cell line shown in A. Red numbers indicate
the base pair size of the DNA ladder. The expected product size is indicated below the
respective parts of the gel. The higher base pair bands seen for IMP-1 in Lim2551,
Lim1899 and Lim1215 were sequenced. These are non-specific genomic DNA amplicons

(data not shown).
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Figure 46: Dysfunction of IMP-1 mediated spatial regulation of B-actin translation
in colon cancer. DIC images of Lim 1863 tumor cell aggregates (A) untreated, or (A’)
treated with B-actin mRNA zipcode antisense oligonucleotides. (A) Top and bottom panel
show images acquired at O hours and 10 hours, respectively. (A’) Top and bottom panels
show images acquired 12 hours and 22 hours following treatment with B-actin mRNA
zipcode antisense oligonucleotides. Caco-2 cells (B) untreated, or (B’) treated with -
actin mRNA zipcode antisense oligonucleotides for 12 hours prior to a calcium repletion
experiment. Following calcium repletion, cells were imaged for 6.5 hours. Time is
indicated in hh:mm following calcium repletion. Scale bars = 10um. Note that treatment
with B-actin mRNA zipcode antisense oligonucleotides had no appreciable effect on cell
morphology of Lim1863 tumor organoids. Caco-2 cells show extensive lamellar overlaps

following contact expansion phase of adherens junction assembly.
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FUTURE DIRECTIONS

A complex gene regulatory network with IMP-1 at the center stage controls
epithelial cell fate

The preliminary results presented above point to a role for spatially regulated -
actin translation in intestinal epithelial homeostasis. Experiments designed to observe the
localization of B-actin mRNA in the crypt compartment, would answer whether the
asymmetric distribution of B-actin protein (Figure 44) arises from an mRNA localization
which is also asymmetric. To this end, utilizing mini gut cultures derived from MCP
(MS2 bacteriophage capsid protein) x B-actin MBS (MS2 binding site) mouse could be
used to track B-actin mRNA localization during intestinal homeostasis (Park et al., 2014).
Besides B-actin, it is plausible that a number of other mRNAs also regulated by IMP-1
play a crucial role in intestinal homeostasis, given IMP-1 is localized to the stem cell and
proliferative compartment of the epithelium (Figure 42, 43). It would be interesting to
determine whether genes that determine stem cell fate and/or differentiation status are
regulated post-transcriptionally by IMP-1. These experiments will reveal the extent to
which translational regulation by IMP-1 controls epithelial morphogenesis ex vivo.

Besides a role for IMP-1 mediated spatio-temporal translational control in small
intestinal homeostasis, its role in promoting or suppressing colon cancer is also very
poorly understood. Given its expression is down-regulated in several of the colon cancer
cells tested above (Figure 45), it will be interesting to investigate the promoter

methylation status of IMP-1 in those cell lines where the mRNA is absent. In addition, in
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some instances, there appears to be a post-transcriptional silencing of the gene. This
could plausibly be due to miRNA mediated regulation in these cells (Mayr and Bartel,
2009). However, besides regulation at the level of IMP-1 expression, the presence of the
protein still seems to not affect the spatial regulation of B-actin translation in certain
colon cancer cells (Figure 46). One plausible explanation for the ability of cancer cells to
bypass translational control mediated by IMP-1, is the widespread alternative
polyadenylation during transformation (Mayr and Bartel, 2009). However, very little is
currently known about the phenomenon when it comes to how APA affects gene
regulation by RNA binding proteins.

IMP-1 is an important RNA binding protein with several mRNA interacting
partners (Jonson et al., 2007). Some of the mRNA produce proteins regulating cell-cell
adhesion, others control cell migration, while still others are implicated in cell survival
and proliferation (Zirkel et al., 2013). Given the complexity of the network (Figure 47),
experiments involving re-expression of IMP-1 in cancer cells that have downregulated its
expression can be tricky to interpret. Cancer cell fate is determined in part by its
transcriptome and hence it is vital to analyze the gene expression signatures to determine
what role IMP-1 may play in a given cancer cell type. One very inviting alternative is to
first determine the gene expression signature followed by masking the mRNA cis acting
elements specifically for those mRNAs that drive a mesenchymal fate. The re-expression
of IMP1 in this scenario will push the cell towards an adhesive cell fate thus preventing

metastasis.
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Figure 47: A complex IMP-1 dependent gene regulatory network determines cell
fate specification. Schematic representing a cell fate regulatory gene network with IMP1
at the center stage. Some of the several mRNAs that are regulated by IMP1 expression
are highlighted in the schematic: LEF-1, c-myc and K-ras (Blue circles) regulate cell
survival and proliferation and are upregulated in several cancers; Snail-2 (Red circle)
represses E-cadherin expression during EMT and promotes tumorigenesis; CD44 is
expressed in putative cancer stem cells; and B-actin, B-catenin and E-cadherin (Green
circles) regulate cell-cell adhesion and cell motility. In addition, B-Trcp regulates -
catenin localization to the nucleus to control Wnt signaling. Also, B-catenin regulates
IMP-1 expression directly by binding to its promoter region. Lastly, IMP1 is subject to
transcriptional and post transcriptional control by promoter methylation and miRNA

mediated mechanisms, respectively.
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CONCLUSIONS

Fluorescence Covariance Index: A simple, robust and reliable tool to assess
adherens junction dynamics and more

As part of the thesis, a fluorescence microscopy based method, which utilizes
Pearson’s Correlation Coefficients, was developed to estimate protein complex assembly
in fixed and living cells. The analysis is simple in terms of instrumentation costs: requires
an epifluorescence microscope, and image processing software to carry out
deconvolution. It is to be noted that while in this thesis, a proprietary software from Zeiss
(AxioVision) was used to carry out the deconvolution, open source plugins for ImagelJ
can also be used to carry out image processing (Bruce and Butte, 2013; Preibisch et al.,
2014). In addition, since the technique runs a custom MATLAB script (See Appendix)
for compiling data, it is ideal for large data sets, which may be required to determine
minor variations in the extent of protein complexes assembly. The analysis was validated
by measuring: adherens junction complex anchoring (E-cadherin anchoring to F-actin)
and trafficking of minimal cadherin-catenin complex from the biosynthetic ER-golgi
compartment to sites adherens junction assembly (E-cadherin association with B-actenin
and a-catenin). Additionally, FCI analysis was shown to be useful in estimating protein
interactions that are mechanosensitive, such as a-catenin and F-actin interaction. The
technique was then applied to study the effect of partially mislocalized B-actin translation
on the extent of adherens junction assembly. Additionally, the FCI measures were
correlated with tissue barrier function, demonstrating the structural and morphological

changes assessed by the method indeed correlate with tissue function (Cruz et al., 2015).
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Several key signaling pathways impinge upon actin dynamics to regulate epithelial

structure and function

Work presented in this thesis points to spatially regulated B-actin translation as a
key node for processing several signaling pathways which effect epithelial structure and
function.

First, experiments in chapter 3, point to a model of adherens junction assembly
that is governed by a balance between B-actin translation mediated cadherin anchoring at
cell-cell contacts and E-cadherin endocytosis. Mislocalizing B-actin translation results in
shifting the balance towards E-cadherin endocytosis and as a result cells fail to undergo
adherens junction maturation. Inhibiting endocytosis in cells with partially mislocalized
B-actin translation shifts the balance back towards actin mediated cadherin anchoring
rescuing adherens junction maturation.

Second, cyst culture models of MDCK cells demonstrate a role for spatially
regulated B-actin translation in 3-dimensional epithelial morphogenesis. Acto-myosin
contractility governs cell shape changes and epithelial tissue morphogenesis by
impinging on several determinants of epithelial morphology including adherens junction,
tight junctions and cell proliferation pathways such as Hippo and/or YAP/TAZ. Results
presented in this thesis indicate a role for spatially regulated B-actin translation in
integrating the mechano-transduction signals from acto-myosin contractility to control
epithelial morphogenesis. In cultures derived from cells with partially mislocalized (-

actin translation, NMIIA organization and tight junction organization were both
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disrupted. The resultant phenotype was reduced cell proliferation, cell shape and size
changes plausibly due to a down-regulation of the Hippo and/or YAP/TAZ pathways.
Third, results in this thesis provide evidence for a role of spatially regulated f3-
actin translation in governing collective cell migratory behavior of epithelial sheets.
Partially mislocalizing B-actin translation increases rate of actin dynamics at cell-cell
adhesions between leader-follower cell pairs during collective migration. While these
cells show a more dynamic lamellipodium, the overall rate of migration of the tissue is
lower. Thus by playing a role in cell-cell adhesion dynamics and leading edge protrusion
dynamics, spatially regulated B-actin translation governs epithelial collective cell

migratory behavior.

Why is compartmentalized translation of p-actin important?

When looking at eukaryotic cells, typically vertebrate cells, one should realize
that there is abundant amounts of actin. Muscle cells for instance contain about 10% actin
by weight, while non-muscle cells have anywhere between 1-5% actin by weight (Lodish,
2000). In addition to the abundant expression of actin in cells, the 6 different vertebrate
isoforms exhibit remarkable conservation across species (Bulinski, 2006). The focus of
this thesis is on compartmentalized translation of the B-actin isoform. In view of the fact
that actin is so abundant in the cell that its concentration sometimes reaches mM levels,
why indeed is it important to study the cell compartmentalized translation of B-actin?
First, although B-actin and another isoform, y-actin only differ by 4 amino acids (= 1% of
the aa sequence), y-actin mRNA does not get compartmentalized in cells (Hill and

Gunning, 1993; Lawrence and Singer, 1986). Second, compartmentalized translation can
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increase the local concentration of B-actin well above the critical concentration required
for polymerization (Condeelis and Singer, 2005; Gutierrez et al., 2014). Third, locally
synthesized B-actin can be subject to post-translational modification such as arginylation
(Saha et al., 2010), which confer different properties to the dynamics of the local filament
populations. Fourth, B-actin and y-actin have different rates of translation regulated by
coding sequence variation, co-translational and post-translational targeting for
degradation (Zhang et al., 2010). Last, but not least, the post-translational modifications
conferred to B-actin result in differential binding to actin binding proteins such as capping
proteins modulating polymer levels in cells (Saha et al., 2010). Given the complexity of
regulation of actin isoforms at various levels post-transcriptionally, one could postulate
that the cell has evolved numerous stratified mechanisms to regulate the spatial and
temporal expression of specific actin isoforms. It is thus important to study how each of
the above mentioned regulatory modules: localization of mRNA, post-translational
modification, co-translational and post-translational degradation, and differential
association with binding partners operates to bring about complex cellular processes. The
work presented in this thesis helps shed light on how the first step in post-transcriptional
gene regulation of B-actin, its mRNA localization, plays an important role in epithelial

tissue structure and function.
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APPENDICES

Isolation and culture of mouse small intestinal crypts

1.

10.

1.

12.

Take the proximal third of the small intestine, flush it with PBS (18 gauge
syringe) and cut open.

Divide into three or more 1cm long pieces.

Wash with 1XPBS three times (3minutes each wash) by inverting in a 15mL
conical tube.

Transfer the pieces into 10mL of PBS-EDTA (2mM) and wash twice by rotating
very gently at 4°C (Sminutes first wash; 40minutes second wash).

Shake the tube very hard 15-20 times until the solution becomes very cloudy.
Pour the solution into 40mL pre-cooled (standing on ice) PBS through a 70um
filter.

Spin the tube at 200g for 3-5 minutes at 4°C. Repeat spin, if necessary, to see a
clear supernatant.

Decant the supernatant and resuspend the pellet in about 20 mL of pre-chilled
PBS and repeat the centrifugation step.

Decant supernatant and this time resuspend the pellet in 1mL of ice cold PBS.
Count the crypts using a hemocytometer at this stage.

Centrifuge the crypts in a ImL microfuge tube at 4°C for 3-5 minutes.

Resuspend the crypts in an appropriate volume of crypt culture medium and add

to Matrigel.
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13. See the appropriate number of crypts into 8-well chamber slides and allow the

Matrigel to polymerize.

14. Add crypt culture medium (See recipe below).

Crypt culture Medium

Basal culture medium: 50mL Advanced DMEM/F12; SmL Pencillin/Streptavadin

(10,000units/mL and 10,000pg/mL, respectively); SmL 1M HEPES buffer; SmL

GlutaMax.

To make up crypt culture medium: 50mL of basal culture medium; ImL of 100X

N2; 500uL of B27; 100uL of 500mM N-Acetyl Cysteine; SuL of 500pug/mL EGF; 50uL

of 100pug/mL Noggin and 50ug vial of R-Spondin resuspended in BCM. Filter the

medium through a 0.22pum filter and aliquot. Store aliquots at -20°C till use. Thaw and

store at 4°C for up to a week.

Immunohistochemistry for IMP-1 in mouse small intestinal and colonic tissue

sections embedded in paraffin

1.

2.

Dewax the slides at 55°C for 30 minutes.

Immerse slides in Xylene — 2X (15 minutes and 10 minutes each).

Immerse slides in 0.3% (v/v) H,O, (prepared in 100% (v/v) methanol) for 20
minutes.

Wash the slides under running water for 5 minutes.

Wash the slides with 1X PBS for 5 minutes.

Antigen retrieval: Partially boil 800mL of citric acid buffer for 5 minutes.

Immerse slides and boil for additional 15 minutes.
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11.

12.

13

14.

15.

16.

17.

18.
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Let the slides cool for 20 minutes in the citric acid buffer.

Wash the slides under running water for 5 minutes.

Wash slides quickly with 1X PBS.

Block slides with 1X animal free blocking solution for 1 hour — 2 hours at room
temperature.

Dilute primary antibody in 1X animal free blocking solution (1:50 dilution) and
incubate slide with primary antibody at 4°C overnight.

Wash slides with 1X PBS — 3X (5 minutes each at room temperature).

. Add secondary antibody (1:200) dilutes in 1X animal free blocking solution and

incubate at room temperature for 1 — 1.5 hours.

Wash slides with 1X PBS — 3X (5 minutes each at room temperature).
Prepare HRP conjugated ABC reagent (Vector Shield):

Reagent A —20uL

Reagent B —20uL

Blocking solution — ImL

Incubate slides with ABC reagent for 2 hours at room temperature.
Wash slides with 1X PBS — 3X (10 minutes each at room temperature).
Developing color: Prepare the DAB reagent

Buffer — 1 drop

DAB - 2 drops

H,0, — 1 drop

Water — 2.5 mL
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Add the DAB reagent to the slides (2-4 drops) and observe under light
microscope for color development. Typically the development times for IMP-1
are 1-1.5 minutes. Optimize time as necessary. Stop reactin by immersing the
slide in water.

19. Wash the slides under running water for 5 minutes.

Nuclear staining with Hematoxylin

1. Add Hematoxylin to the slide and incubate for 8 minutes.

2. Wash the slides under running water for 5 minutes.

3. Immerse slides in 1% (v/v) Acetic acid prepared in MilliQ water for 3 minutes.

4. Wash the slides under running water for 5 minutes.

5. Immerse slides in 0.3% (v/v) ammonia for 8 minutes.

6. Wash the slides under running water for 5 minutes.

7. Immerse the slides in increasing concentration of Ethanol — 70% (v/v), 80% (v/v),
90% (v/v), 95% (v/v) — 2 minutes in each solution.

8. Immerse the slides in 100% Ethanol — 2X (2 minutes each).

9. Immerse the slides in Xylene — 2X (5 minute and 10 minutes each).

10. Mount the slides without letting them dry.

11. Images were acquired using Nikon TE2000 microscope equipped with a color

camera. Images were acquired at 30X and 60X magnification

Primer Sequences for RT-PCR
The following primer pairs were used to carry out paralog specific RT-PCR for IMP-1.

Annealing temperature used was 60°C.
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IMP1 V1 F GTGAGCAAGTGAACACCGAGA
IMP1 V1 R TGCTATCTGCTCATCGGGGA

IMP2 V1 F AGCGCACTTGGCATCTTTTC
IMP2 V1 R CCTGCTCTGGATAAGAGTGATGA

IMP3 V1 F CGGTCCCAAAAAGGCAAAGG
IMP3 V1 R TAGTGCTTGTCTAGCTTGGTCC

Custom Script for FCI analysis

Reading .csv files and storing the measurement values in an array.
function [mystructl] = readData (filename)

% Make the folder containing the .csv files to be analyzed the filepath
for MATLab. Execute this script from the MATLab command prompt by
typing readData(‘filename.csv’). Note that the input argument contains
‘/ marks to enclose the filename. The filenames must not contain these
characters. The filename can be the name of the first csv file in the

dataset folder.

NumCols 27;

% Input the right number of columns present in the .csv files to be
read.

% Note that the number of columns in all the files in a data set should
be the same for the script to execute. If the dataset consists of
batches of files with different numbers of columns, separate them into
different folder and run the script on different folders with the

appropriate number of columns in each subset of the data.



fid = fopen(filename, 'r');

InputText = textscan(fid, '$s',NumCols, 'delimiter',"',");

o

Reads header line.

HeaderlLines = InputText{l};

o

Inputs header line into a new array called InputText.

HeaderLines = regexprep (HeaderLines, '[-/\s()."um?]', '");

o

Searches header lines for the following expressions: [-/\s()."um?*],
and delete them. These characters are not compatible with running the
script.

FormatString = repmat('%s', 1, NumCols);
% Creates format string based on parameter
InputText = textscan(fid,FormatString, ... $ Read data

'delimiter',"',");

for i = 1:27

% Input the right number of columns present in the .csv files to be

read.
InputText{i} = str2double (regexprep (InputText{i}, '["]1', ''))
end
% The original data has all values enclosed with "". The enclosing
quotation marks ("") are manually removed to convert strings to

floating point numbers.

Data = cell2mat (InputText) ;

% Converts to numerical array from cell

mystructl = struct (HeaderLines{l, 1}, Data(:, 1)'");

204

’
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o)

% The following loop writes all the values from the .csv files into an

array with the headerlines taken from the first row.

for j = 2:NumCols
name = HeaderLines{j, 1};
newName = regexprep(name, ' [-/\s().]"',"");
mnystructl. (newName) = Data(:, Jj)';

end

fclose (fid) ;

end

Reading measurement values stored in an array using the above script

and computing FCI wvalues or returning PCC values for a dataset in a

folder.

function [myExps, outl, out2, out3] = combineExps ()
fileList = dir('*.csv');

myExps = [];

o)

% The following loop reads over all the .csv files in the folder and
writes them to arrays by running the above readData function for each

file.

for i = 1: length(filelList)
myData = readData(fileList (i) .name) ;
myExps = [myExps myDatal;

end
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o)

% The following loop sets a lower threshold on PCC values. Using 0.1 as
the lower threshold, the loop will reassign any PCC values below this
threshold to 0.1. The lower threshold can be modified if setting a
different value or the whole loop can be eliminated if this is not

desired.

for k = 1:1:1length(filelist)
a = myExps (k) .PearsonsCorrelation; %$Storing all PCCs in a matrix.

for j = 1l:1:1ength(a) %Defining the the number of cells

% ("length(a)") to be checked for PCC values.
if 0 > a(3); %Checking for any negative PC.
a(j) = 0.1; %$Input Least Possible PC to set for all

%PCC(s) that are negative.
elseif a(j) < 0.1; %Checking for all PCCs that are positive
%and below the Least Possible PC.
a(j) = 0.1; %$Input Least Possible PCC to set for all PCC(s)
%positive and below the Least Possible PCC.
end %$End the checking loop for a single cell.
myExps (k) . PearsonsCorrelation = a; $Store all the corrected PCC (s)
in the original array.
end %End the checking loop for one file.
end
% The following loop runs from the User defined value of k for J times.
The value of k should be set to the number of the first .csv file that
is part of the same time point/condition, for instance steady state.

The value of J depends on how many experimental repeats are contained
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for the particular time point/condition. The array into which the
required PCC values are stored is also initialized by the User in the
first line. So use appropriate names. If there are multiple
combinations of PCCs within a particular data set, check the proper

increments in k.

Ss = [];
k =1;

20

Il
=

for j
outl =

myExps (k+3) .PearsonsCorrelation./myExps (k) . PearsonsCorrelation;
out2 =

myExps (k+4) .PearsonsCorrelation./myExps (k+1) .PearsonsCorrelation;
out3 =

myExps (k+5) . PearsonsCorrelation./myExps (k+2) .PearsonsCorrelation;

SS = [SS; outl' out2' out3'];
k = k+6;
end

% Log transform the data obtained.

SSL = loglO (SS);

% Write the log transformed data to a text file.

dlmwrite ('B-ctn2 FF RG FCI.txt', SSL)
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