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Abstract

Epithelial cells line most of our body cavities, separating different compartments
in our bodies, creating selective barriers, and protecting us from external pathogens. In
epithelial tissues, cells experience a range of mechanical forces like fluid flow, tissue
distention, and tissue compression or contraction, which occur both during development
and normal organ function. All of these events require cells to sense the mechanical
force and remodel their cell-cell junctions accordingly in order to maintain barrier
function and structural integrity of the tissue. However, the precise mechanism by which

epithelial barrier function is regulated in response to mechanical stimuli is unknown.

In the vertebrate epithelium, the most apically localized cell-cell junctions, called
tight junctions (TJs), regulate barrier function by selectively allowing solutes and ions to
pass through the space between cells, while the more basally localized adherens
junctions (AJs) mechanically couple the cells together to maintain the structural integrity
of the tissue. Using gastrula-stage Xenopus laevis embryos as a model for the
vertebrate epithelium, previous work from our lab identified local, short-lived leaks in the
epithelial TJ barrier, which occur in response to elongating cell-cell junctions. These
leaks were rapidly repaired by reinforcement of TJ proteins, mediated by localized,
transient activation of the small GTPase RhoA — termed “Rho flares”. But the
mechanism by which cells sense the leak in the barrier and activate Rho flares locally at

the site of the barrier leak remained unclear.

Xi



In this dissertation, | investigate how a mechanical cue is converted into
biochemical signals to regulate barrier function in the vertebrate epithelium. Here, |
found that a local calcium increase occurs at the site of barrier leaks in response to loss
of the TJ protein ZO-1. Using intracellular calcium chelation and a mechanosensitive
calcium channel (MSC) blocker, | show that a local calcium increase is required for
robust activation of Rho flares to efficiently reinforce TJs at sites of local barrier
breaches. Further, | show that MSC-dependent calcium influx is required to maintain
global barrier function by regulating efficient repair of local barrier leaks through robust
contraction of junctions. Thus, we propose that MSC-mediated calcium influx is a
mechanism by which epithelial cells detect local leaks and regulate barrier function by
activating Rho flares. Additionally, | explored the localization and function of a
eukaryotic MSC, Piezo1l, at cell-cell junctions. | found that Piezol localizes to AJs and
regulates TJ barrier function during cell-generated tensile stress, possibly by
strengthening cell-cell adhesion. Together, my work reveals MSC-mediated calcium
signaling as part of a mechanotransduction pathway working at apical cell-cell junctions
to regulate barrier function. In addition to revealing a novel role for intracellular calcium
signaling in regulating TJ barrier function in a mature epithelium, application of my
research could help identify new targets to treat chronic inflammation associated with

impaired cell-cell junctions in response to aberrant mechanotransduction.
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Chapter 1 Introduction

This chapter contains some text and figures that were originally published in Journal of
Cell Science.

*Varadarajan S, *Stephenson RE, Miller AL. Multiscale dynamics of tight junction
remodeling. J Cell Sci. 2019 Nov 21;132(22):jcs229286. doi: 10.1242/jcs.229286. PMID:
31754042; PMCID: PMC6899008

*these authors contributed equally to this work

1.1 Cell-cell junctions are essential for tissue architecture and generating barriers

A conserved feature of metazoans is the ability to form compartments with distinct
environments in order to perform specialized functions (Tyler, 2003). The existence of
separate compartments is essential for development and maintenance of functional
organs. Compartmentalization is achieved by sheets of polarized, tightly packed
individual epithelial or endothelial cells connected to their neighbors through cell-cell
junctions. Epithelial sheets cover the external surface of our body (e.g. skin) and
internal surfaces of our organs (e.g. lungs, liver, stomach, and intestine), acting as a
barrier to toxic pathogens and to preserve the structural integrity of the tissue during
physical and chemical stress. However, epithelial barriers are selectively permeable to
ions and solutes to enable specialized tissue specific functions like absorption in the
intestine, secretion in the stomach and liver, and sensation in the ear (Tsukita et al.,
2001, Farquhar and Palade, 1963). Molecules on either side of the epithelium can cross

the barrier via two pathways: through the cytoplasm of the cells (transcellular



permeability) or through the space between the cells (paracellular permeability), with
paracellular permeability being the major route of transepithelial transport (Boulpaep
and Seely, 1971, Fromter and Diamond, 1972). Dysfunction of the epithelial barrier can
cause inflammatory diseases like inflammatory bowel disease (IBD), Crohn’s disease,
and asthma, and can contribute to metabolic disorders (Garcia-Hernandez et al., 2017,
Luissint et al., 2016).

Epithelial cell-cell junctions of a vertebrate consist of three components: tight
junctions (TJs), adherens junctions (AJs) and desmosomes (Farquhar and Palade,
1963). TJs are the most apically localized cell-cell junction, characterized by a
continuous circumferential Dbelt-like structure and close apposition of plasma
membranes from adjacent cells, to regulate paracellular transport (Farquhar and
Palade, 1963). TJs function as a barrier by regulating selective permeability of small
solutes, such as ions, water, and small uncharged molecules, while generally restricting
the passage of larger molecules and microorganisms (Marchiando et al., 2010) (Figure
1.1). In addition to serving as a selective barrier, TJs also function as a fence in the
apical plasma membrane to create distinct apical and basolateral membrane domains,
by limiting the free diffusion of proteins and lipids in the membrane (Gumbiner, 1987).
Together, TJs are critical for the development and maintenance of organ function, by
establishing a polarized epithelium and creating specialized environments (Moriwaki et

al., 2007, Navis and Bagnat, 2015, Baumholtz et al., 2017).
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Figure 1.1: Epithelial cell-cell junctions

(Left) Epithelial cells exhibit different shapes during morphogenetic events. As cells divide (marked by arrow), both
the dividing cell and its neighbors undergo cell shape changes. (Right) Schematic of key players that regulate
paracellular permeability in a vertebrate epithelium. Polarized epithelial cells are connected by apical cell-cell
junctions, including tight junctions (TJs) and adherens junctions (AJs). Both TJs and AJs are linked to the apical
actomyosin array. Upon loss of TJ (shown by black box), paracellular permeability to molecules increases, thereby
compromising barrier function.

1.2 Adherens junctions are sites of cell-cell adhesion

Basal to the TJs are the cadherin-based AJs and desmosomes where the apposing
membranes are separated by an intercellular space of 15-20 nm at AJ and 20-35 nm at
desmosomes (Farquhar and Palade, 1963). Cell-cell adhesion at the AJ is mediated by
homophilic interaction of transmembrane E-Cadherins between adjacent cells, which is
dependent on the presence of extracellular calcium (Takeichi, 1991). Following trans-
dimerization of E-Cadherin, the cytoplasmic tail of E-Cadherin is coupled to the actin
cytoskeleton through the catenin complex (a-, B-, and p120-Catenin) (Takeichi, 2014).
B-Catenin binds the cytoplasmic tail of E-Cadherin and recruits a-Catenin to the junction
(Peifer et al., 1992). The C-terminal domain of a-Catenin binds F-actin and thereby links

the cadherin-catenin complex to the actomyosin array (Abe and Takeichi, 2008). The



mechanical coupling of the AJ to the apical actomyosin array is critical for epithelial cells

to withstand tissue extrinsic and cell-mediated forces (Arnold et al., 2017).

1.3 Tight junctions are dynamic barriers

TJs are multi-protein complexes that are composed of transmembrane proteins and
cytoplasmic scaffolding proteins. In this section | will discuss the structure and
composition of TJ strands, cytoplasmic scaffolding proteins mediated linking of TJ
strands to the perijunctional actomyosin, and the function of perijunctional actomyosin in

regulating the barrier function.

TJ transmembrane proteins:

The three main TJ transmembrane protein classes that mediate cell adhesion are
Claudins, Junctional Adhesion Molecules (JAMs), and TJ Associated Marvel Proteins
(TAMPs, including Occludin and Tricellulin) (Figure 1.2) (Van lItallie and Anderson,
2014). Claudins and Occludin constitute the branched belt-like structure, called TJ
strands, which encircle the apical surface of epithelial cells (Furuse et al., 1998). In
humans, claudins comprise a family of 26 members, which are differentially expressed
based on the function of the epithelium (Gunzel and Yu, 2013, Turksen and Troy, 2004,
Garcia-Hernandez et al., 2017). Overexpression of claudins in fibroblasts, which do not
normally make TJs, revealed that claudins form the backbone of the TJ strands by
interacting with their counterparts on the neighboring cells and polymerizing within the
membrane, to form a network of TJ strands similar to those seen by freeze fracture
electron microscopy (FFEM) in epithelial cells (Claude and Goodenough, 1973, Furuse

et al., 1998, Staehelin et al., 1969). Subsequently, quintuple knockdown of claudins in



an epithelial cell line, showed that claudins are required for formation of TJ strands, but
dispensable for the formation of membrane apposition at the TJ (Otani et al., 2019).
Additionally, a recent study showed that presence of occludin increased and stabilized
the branching points in TJ-strands, thereby contributing to the anatomizing TJ-strand

network (Saito et al., 2021).

tight junctions ~ 2
) L apical l 70-1
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)| m i
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Figure 1.2: Composition and organization of tight junctions.

TJs seal the paracellular space with a family of transmembrane proteins called claudins, which oligomerize into
strands and interlock with their counterparts on neighboring cells. Claudins are connected to the actin cytoskeleton
through direct and indirect interactions with other TJ proteins, including Occludin, ZO family proteins, and Cingulin.
Figure originally published in (Varadarajan et al., 2019).

Based on the composition of the claudins (pore-forming vs. barrier-forming)
within the TJ strands, different epithelia can regulate the conductance of ions and small
molecules through a charge selective pore pathway (Gunzel, 2017). In addition to the
pore pathway, claudin strands are hypothesized to mediate flux of large molecules via a
size selective leak pathway. This hypothesis was based on observations in fibroblasts

expressing claudins that claudin strands can be remarkably dynamic within the



membrane, capable of breaking and annealing (Sasaki et al., 2003, Van ltallie et al.,
2017). Together with claudin strands, other transmembrane proteins, Occludin,
Tricellulin, Angulin and JAMs, help limit the paracellular flux of larger molecules (Saito
et al., 2021, Raleigh et al., 2011, Otani et al., 2019). For instance, while JAM-A
dependent membrane apposition at the TJ limits the paracellular flux of larger
molecules (Otani et al., 2019), Occludin and Tricellulin increases the complexity of TJ-
strands (more crosslinking between parallel strands) to limits the paracellular flux of

larger molecules (Saito et al., 2021).

TJ scaffolding proteins:

The cytoplasmic domains of transmembrane TJ proteins (claudins, Occludin and JAM)
are connected to the apical actomyosin array via ZO proteins (ZO-1, -2 and -3) (Fanning
and Anderson, 2009, Itoh et al., 1999). Epithelial cells deficient in both ZO-1 and ZO-2,
fail to form TJ strands and exhibit increased flux of large molecules through the
paracellular space, indicating that ZO-1 and ZO-2 are essential for the structure and

function of TJs (Otani et al., 2019, Umeda et al., 2006).

The highly conserved ZO-1 protein contains three PDZ domains, a SH3 domain,
and a GUK domain at the N-terminus, which is required for homo- and hetero-
dimerization of ZO- proteins and to bind transmembrane TJ proteins (Fanning and
Anderson, 2009). The C-terminal region of ZO-1 links transmembrane TJ proteins to the
apical actomyosin array by binding directly to F-actin via an actin-binding region (ABR)
and indirectly through actin binding proteins (Itoh et al., 1999, Van ltallie et al., 2017,

Furuse et al., 1998, Fanning et al., 1998). Fluorescence recovery after photobleaching



(FRAP) studies have shown that the linking of ZO-1 to the actin cytoskeleton through
Z0O-1's ABR is required for the stabilization of ZO-1 at the TJ (Shen et al., 2008a, Yu et
al., 2010). Disruption of ZO proteins correlated with abnormally robust accumulation of
F-actin and Myosin Il at AJs, increased junctional tension, and increased paracellular
permeability through the leak pathway (Van ltallie et al., 2009, Fanning et al., 2012,

Umeda et al., 2006, Choi et al., 2016).

Dynamic linking of TJs to perijunctional actomyosin:

Early electron microscopy (EM) studies in epithelial chick hair cells identified two distinct
yet interconnected actin populations at junctions: (i) bundles of actin filaments that run
parallel to the membrane at the AJ, and (ii) a meshwork of filaments that lies just
beneath the TJ (Hirokawa, 1982, Hirokawa et al., 1983). Later in 1987, Madara et al.
identified an additional actin population that associated with TJ specifically at sites of
membrane apposition (kissing points) using EM in guinea pig ileal epithelium (Madara,
1987). In support of actin connection to TJs, work from our lab has shown a strong F-
actin enrichment at the level of the TJ in the epithelium of Xenopus laevis embryos
(Higashi et al., 2019). Together, these data suggest that TJs are linked to perijunctional

actomyosin and may feel the force from actomyosin-mediated cell shape changes.

Several studies have shown that contractility of the perijunctional actomyosin
bundle regulates the structure and function of TJs. Acute treatments that either inhibited
actin polymerization or inhibited Rho/ROCK-mediated Myosin Il activation lead to
increased paracellular permeability through the leak pathway (Van ltallie et al., 2009,

Fanning et al., 2012, Van ltallie et al., 2015, Madara et al., 1986, Walsh et al., 2001).



Notably, activation of Myosin Il activity mediated by myosin light chain kinase (MLCK),
also increased paracellular permeability through leak pathway (Shen et al., 2006, Shen
et al., 2011). Thus, both high and low levels of actomyosin contractility disrupt TJ barrier
function. These findings emphasize the need for mechanisms that fine-tune the level of

actomyosin contractility to maintain intact barrier function.

In order to better understand how the connection of TJs to the actin cytoskeleton
influences the morphology and dynamics of TJ strands, ZO-1 and Occludin were
introduced into fibroblasts expressing Claudin-2 (Van ltallie et al., 2017). The
reconstituted claudin strands aligned with actin filaments in the presence of ZO-1.
however, claudin strands were coupled to actin filaments only at sites of ZO-1 binding,
thus for the first time directly showing the linking of claudin stands to actin via
scaffolding protein, ZO-1 (Van ltallie et al.,, 2017). Further, introduction of ZO-1
stabilized the dynamics of claudin strands without altering the ability of strands to
realign by breaking and joining. Thus, indicating that the linking of TJ strands to actin via
Z0O-1 is an important mechanism by which TJ strands are stabilized to maintain
paracellular permeability, yet allow the TJ strands to remodel in response to cell shape
changes (Van lItallie et al., 2017). In support of this idea, a recent study suggests that
weak linking of ZO-1 to F-actin is an essential feature for TJ strands to be plastic
enough to remodel without breaking (Belardi et al., 2020). This study showed that when
the actin-binding site (ABS, 28aa region in the ABR) of ZO-1 was swapped with ABS
from other proteins that exhibit higher affinity for F-actin (a-Catenin, Lifeact or Utrophin),
this led to reduced barrier function. Further, a mathematical model predicts that the

weak coupling of TJ strands to the actin cytoskeleton through ZO-1, is required for



dynamic rearrangement of TJ strands so that an optimal alignment of TJ strands and
actin for robust barrier function can be achieved (Belardi et al., 2020). Together, these
studies suggest that dynamic linking of ZO-1 to apical actomyosin enables the TJ
strands to remodel without compromising barrier integrity as the junctions elongate and

contract during cell shape changes.

Additionally, recent evidence from two independent groups, showed that linking
of ZO protein to the actin cytoskeleton, is required for ZO-1 in phase separated
condensates to form a continuous TJ strand in epithelial cells (Schwayer et al., 2019,
Beutel et al.,, 2019), and for retrograde flow of non-junctional ZO biomolecular
condensates towards the junction in developing zebrafish embryos. This suggests that,
linking of ZO-1 to the actin cytoskeleton is also required for formation of TJ strands

during TJ biogenesis, in addition to maintenance of a mature junction.

1.4 Tissue intrinsic and extrinsic forces regulate tight junction structure and

function

During physiological process, epithelial tissues are exposed to both tissue extrinsic
forces including tensile stress, shear stress, compressive stress or osmotic stress, and
tissue intrinsic forces like actomyosin tension, cell-cell junctions, and cell-matrix
adhesion. These processes involve actomyosin-mediated cell shape changes, which
require that cell-cell boundaries expand and contract, thus posing challenges to the
continuity of TJs around the perimeter of epithelial cells. For example, cells change
shape during physiological events including cell division, cell extrusion, and cell

migration, and pathophysiological events including wound healing and cancer cell



metastasis (Harris and Tepass, 2010). Other mechanical challenges arise from organ-
specific function, including bladder expansion and gut peristalsis. All of these events
require dynamic reorganization of perijunctional actomyosin. Given that TJ barrier
function is tightly coupled to the actomyosin contractility, it is unclear how such dynamic
tissues act as stable barriers. Because proper regulation of barrier function is essential
for development and optimal organ function (Marchiando et al., 2010, Odenwald et al.,
2017), epithelial cells must possess robust mechanisms for maintaining barrier function

while remaining plastic enough to adapt to a tissue intrinsic and extrinsic forces.

TJ remodeling at the tissue scale:

Mechanical changes in junctional or tissue tension can alter the strand network
morphology by reorienting the strand network or inducing strand breaks (Hull and
Staehelin, 1976, Pitelka and Taggart, 1983). In tissues that have been experimentally
stretched, TJ strands align with the axis of tension; they appear highly taut and are
reduced in number (Pitelka and Taggart, 1983, Hull and Staehelin, 1976). However,
radial tension generated by contraction of the apical actomyosin array resulted in
networks with more vertically-oriented strands (Pitelka and Taggart, 1983). This
indicates that tissue mechanics may influence strand network morphology, in turn

impacting barrier function.

In addition to changes in strand morphology, mechanical changes in tissue
tension can alter TJ structure and function by altering cytoskeletal-mediated tension
(DiPaolo and Margulies, 2012, Samak et al., 2014, Acharya et al., 2018) and post

translational modification of TJ proteins (Hashimoto et al., 2019, Samak et al., 2014).
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For instance, when alveolar epithelial cells are stretched biaxially in a cyclic manner,
they exhibit an increase in paracellular permeability and a decrease in perijunctional
actomyosin (Cavanaugh et al., 2001, DiPaolo and Margulies, 2012). Additionally, upon
biaxial stretch, the overall levels of ZO-1 and Occludin localization at TJs are reduced,
with alternating regions of high and low intensity of TJ proteins visible along the junction
(Cavanaugh et al.,, 2001). A similar phenotype was observed in Caco-2 cells when
stretched biaxially for 6 hours; stretch induced loss of perijunctional actomyosin, and
loss of ZO-1 and Occludin at TJs (Samak et al., 2014). Additionally, biochemical
studies show that stretching of epithelial cells increased tyrosine phosphorylation of ZO-
1 and Occludin, possibly leading to loss from TJs (Samak et al., 2014). Together, these
studies suggest that epithelial cells modulate TJ structure and thereby paracellular
permeability by altering both actomyosin cytoskeleton and post-translation modification
of TJ in response to tensile forces. However, one should note that cells were exposed
to an experimental stretch for 1-6 hours, which is not physiologically relevant to the
dynamic movements experienced by epithelial tissue. In contrast to tensile stress,
compression of epithelial cells increased ZO-1 recruitment to TJs, and
phosphoproteome analysis showed an increase in ZO-1 phosphorylation at multiple
sites (Hashimoto et al., 2019). Thus, showing that epithelial cells respond differently
based on the mechanical stimuli- tensile or compressive forces. However, further
studies are needed to understand the primary effects of physiological mechanical stimuli

on remodeling of TJs and the effects on paracellular permeability.
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TJ remodeling at the cell scale:

It is less clear how TJs respond to cell shape changes and how barrier function changes
at the cell scale, particularly when existing cell-cell interfaces are elongated, or new cell-
cell junctions are established, such as during cell division or cell extrusion. During cell
division and cell extrusion, major shape changes occur not only in those cell interfaces
that are directly involved in the process, but also in neighboring cells, which must
change their shape in order to accommodate the movements of the dividing or extruding

cells.

In a dividing cell, a relatively small portion of the cell-cell junction experiences
direct pulling force from the contractile ring in the dividing cell. In Xenopus laevis
embryos, FRAP of AJ proteins showed that they are stabilized at the cleavage furrow;
however, there was no detectable change to FRAP of TJ proteins, indicating that AJs
are mechanically coupled to the forces that are transmitted during cytokinesis (Higashi
et al., 2016). Interestingly, ZO-1 intensity does increase at the furrow relative to the
poles, indicating that there is some TJ remodeling during cytokinesis (Higashi et al.,
2016). Indeed, FFEM showed that TJs in mitotic cells are more disorganized, with a

higher number of free strand ends than in non-mitotic cells (Tice et al., 1979).

Cell extrusion presents another potential challenge to epithelial barrier integrity.
During extrusion, dying or over-crowded cells are squeezed out of epithelial tissues by
their neighbors (Gudipaty and Rosenblatt, 2017). During this process, TJs extend

basally to maintain contact between neighboring cells and the extruded cell (Madara,

12



1990, Guan et al.,, 2011, Marchiando et al., 2011). Following extrusion, new cell-cell

interfaces must be formed in the absence of the extruded cell.

Remarkably, during both cytokinesis and extrusion, the epithelial barrier is largely
maintained (Higashi et al., 2016, Rosenblatt et al., 2001, Madara, 1990, Guan et al.,
2011, Marchiando et al., 2011). However, we don’t currently have a good understanding
of the mechanisms that allow TJs to expand and contract, while simultaneously

restricting ion and macromolecule flux; this is an important goal for the field.

1.5Rho GTPase regulates the formation and function of tight junctions by

modulating perijunctional actomyosin

The Rho family of small GTPases function as molecular switches that cycle between an
active, GTP-bound state and an inactive, GDP-bound state (Figure 1.3). RhoA is turned
on by guanine nucleotide exchange factors (GEFs) that promote the exchange of GDP
for GTP and turned off by GTPases activating proteins (GAPs) that accelerate the
hydrolysis of GTP, converting it to GDP. Additionally, guanosine nucleotide dissociation
inhibitor (GDI) sequesters inactive RhoA in the cytoplasm to prevent re-activation
(Bishop and Hall, 2000). Thus, net activity of RhoA is the sum of the activity of the
GEFs, GAPs, and GDI. In its active state, RhoA associates with the plasma membrane
and activates its downstream effector proteins to regulate cytoskeletal organization
during cellular events including cell-cell adhesion, cell migration, cell division,
morphogenesis, and vesicle trafficking (Bishop and Hall, 2000, Miller and Bement,

2009, Bement et al., 2006).
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Figure 1.3: Regulation of Rho GTPase.

The small GTPase RhoA cycles between an active form (RhoA-GTP) and an inactive form (RhoA-GDP). The activity
of RhoA is regulated by GEFs, GAPs and GDI. In its active form, RhoA promotes actin polymerization through its
effector formin (Watanabe et al., 1999), and increases the activity of Myosin Il through its effector ROCK by
simultaneously phosphorylating myosin light chain (MLC) and inactivating MLC phosphatase (Kimura et al., 1996,
Amano et al., 1996). For RhoA to mediate downstream actomyosin contractility, a sustained population of active
RhoA is required to be anchored to the plasma membrane and be available to interact with its downstream effectors
(Ratheesh et al., 2012). Figure adapted from (Arnold et al., 2017).

In epithelia, assembly, disassembly, remodeling, and contractility of the
perijunctional actomyosin is tightly regulated by the Rho family of small GTPases:
RhoA, Racl, and Cdc42 (Quiros and Nusrat, 2014, Arnold et al., 2017). The function of
small GTPases in regulation of TJs was first identified in 1995 by inhibiting the activity of
RhoA using C3 transferase. Inhibition of Rho led to reorganization of perijunctional
actomyosin and TJ barrier dysfunction (Nusrat et al., 1995a). Interestingly, additional
studies found similar effects when either constitutively active or dominant negative
mutant versions of RhoA were expressed (Jou et al., 1998, Quiros and Nusrat, 2014,
Bruewer et al., 2004). These results indicate that RhoA activity must be tightly controlled
in space and time, as both too much and too little are detrimental to the integrity of TJ

structure and barrier function.
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Though it was known that RhoA activity is required for formation and
maintenance of cell-cell junctions, it was not until a almost decade ago that endogenous
active RhoA was detected at the epithelial cell-cell junctions by microscopy (Ratheesh
et al., 2012, Reyes et al., 2014, Breznau et al., 2015, Priya et al., 2015). A stable
population of endogenous RhoA activity was detected using probes that specifically
binds to the active form of RhoA (RhoA-GTP), including a RhoA-FRET biosensor
(Ratheesh et al., 2012), the RhoA binding domain of rhotekin (rGBD) (Reyes et al.,
2014), the Rho binding region plus PH domain of Anillin (AHPH) (Priya et al., 2015) . In
addition to the stable baseline population of active Rho, our lab identified dynamic, local
accumulations of active RhoA at apical cell-cell junctions, which we termed “Rho flares”,

(Reyes et al., 2014, Stephenson et al., 2019).

1.6 Rho flares regulate the leak pathway of permeability on the subcellular scale

We recently demonstrated that when cell-cell junctions elongate in the Xenopus laevis
embryonic epithelium, local discontinuities in ZO-1 and Occludin often occur along the
expanding junction (Stephenson et al.,, 2019). Using a highly sensitive barrier assay
(Zinc-based Ultrasensitive Microscopic Barrier Assay [ZnUMBA]), we identified that the
local losses of ZO-1 and Occludin correspond to sites of leak pathway flux (Stephenson
et al.,, 2019). Importantly, these leaks were quickly followed by “Rho flares”, local
activations of RhoA at the site of ZO-1 discontinuities. Robust and sustained activation
of Rho flares promotes local F-actin accumulation and Myosin Il-mediated junction
contraction, which concentrates TJ proteins to reinforce the barrier at sites of local leaks

(Figure 1.4). Additionally, AJ proteins (E-Cadherin and a-catenin) were reinforced
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following the Rho flares, suggesting a role for AJs in the stabilization of TJs during

repair.
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Figure 1.4: Rho flare mediated local remodeling of TJ

Elongation of a junction near a dividing cell (boxed area, magnification shown on the right) causes local loss of ZO-1
and a breach in barrier function (not shown). Activation of RhoA (green dome) at the site of ZO-1 loss promotes
actomyosin mediated contraction of junctions (blue arrows), which concentrates TJ proteins to repair the barrier leak.
Figure originally published in (Varadarajan et al., 2019).

Interestingly, Rho flares are associated with bleb-like membrane protrusions
(Figure 1.4, green), displaying a change in membrane curvature and thereby a possible
change in membrane tension, (Stephenson et al., 2019). Blebs in living cells are formed
when the connection of the plasma membrane to the underlying actin-based cortex is
weakened (Charras, 2008). Blebs have long been thought to be areas of increased
membrane tension, which was confirmed by a recent study using a membrane tension
probe, FlipTR (Colom et al., 2018). Together, these findings suggest a role for
mechanosensitive signaling pathways in the local regulation of Rho flares specifically at

the site of TJ discontinuities. In support of our hypothesis, a recent study showed that
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junctional RhoA is activated at the AJ in response to tissue level mechanical stretch, in

order to strengthen E-Cadherin-based cell-cell adhesion (Acharya et al., 2018).

Notably, not every instance of junction elongation causes a leak or is followed by
subsequent contraction. Thus, Rho flares may be an emergency repair mechanism that
initiates when a TJ is severely damaged in response to a mechanical stimulus. This
raises the question: how do cells detect the TJ leak in response to a mechanical

stimulus and activate RhoA to reinforce the barrier?

1.7 A case for intracellular calcium signhaling in mechanosensitive regulation of

tight junctions

In addition to RhoA, epithelial barrier function and the contractility of the perijunctional
actomyosin is regulated by calcium signaling (Denker and Nigam, 1998). The first
evidence to show that calcium is required for the formation of barrier function was
established when epithelial cells lost their ability to establish transepithelial resistance
(TER) in the absence of extracellular calcium (Gonzalez-Mariscal et al., 1985).
However, when cells were switched from low calcium to normal calcium containing
media, a technigue commonly referred to as a calcium-switch assay, cell-cell contacts
with TJ strands begin forming in as little as 15 minutes (Gonzalez-Mariscal et al., 1985),

indicating that extracellular calcium is required for establishing a functional barrier.

As extracellular calcium is required for formation of AJs through homotypic E-
Cadherin interactions between cells, the function of intracellular calcium in the formation
of cell-cell junctions was still not clear. However, when intracellular calcium level was

monitored using spectrofluorometric measurements in cells loaded with a calcium dye
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(Fura 2-AM), a significant increase in cytosolic calcium was observed following the
calcium-switch. Specifically, cytosolic calcium increase was observed both globally
throughout the cell, and locally at sites of TJ formation, suggesting a role for intracellular
calcium in the formation of TJs (Gonzalez-Mariscal et al., 1990, Nigam et al., 1992).
Further, when intracellular calcium was chelated, epithelial cells failed to form TJs and
establish a functional barrier, thereby confirming that intracellular calcium is indeed
required for the formation of TJs (Stuart et al., 1994). But, it is important to note that in
calcium-switch assay AJs are disrupted as well, thus it is difficult to isolate the precise
role of intracellular calcium in regulation of TJ organization and function. Therefore, it is
important to investigate the spatiotemporal dynamics of intracellular calcium in an intact

epithelium that is subjected to physiological cell- and tissue-generated mechanical

forces.
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Figure 1.5: Genetically encoded calcium probes

(Left) GCaMP6m, a cytosolic soluble calcium probe contains circularly permuted GFP (cpGFP) with Calmodulin
(CaM) at C-terminus and myosin light chain kinase fragment (M13) at N-terminus. In the presence of calcium (Ca?*),
M13 binds to CaM, causes conformational change resulting in spontaneous and reversible increase in fluorescence
(Chen et al., 2013). (Right) mNeon-C2, C2 domain of PKC-f3 tagged to C2 is recruited to the plasma membrane from
the cytoplasm when bound to calcium to detect calcium microdomains near plasma membrane (Yu and Bement,
2007).
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Over the past decade, calcium signaling research has evolved significantly
through the development of genetically encoded calcium indicators (GECIs) (Figure
1.5), and live imaging with high spatiotemporal resolution (Chen et al., 2013, Akerboom
et al., 2013, Yu and Bement, 2007). These advances have enabled the identification of
various intracellular calcium transients that span a distance of few microns to 100s of
microns and last anywhere between nanoseconds to hours in non-excitable cells like
epithelial cells (Brodskiy and Zartman, 2018). The diversity in the frequency, amplitude,
spatiotemporal pattern of calcium oscillations enables calcium signaling to have local or
tissue-level effects via activating calcium-sensitive processes such as cytoskeletal

assembly and contractility (Balaji et al., 2017, Clark et al., 2009, Soto et al., 2013).

In epithelial cells, a range of spatiotemporal calcium transients have been
observed including: calcium waves, calcium flashes, calcium flickers, and calcium puffs,
all of which regulate actomyosin contractility at different scales (Brodskiy and Zartman,
2018). For instance, long range calcium waves induced by cell wounding or tissue
folding propagate across multiple cells and last on the order of minutes to mediate a
tissue level contraction (Herrgen et al., 2014). In contrast, short lived calcium flashes
contained in a single cell regulate apical constriction of the cell during Xenopus

neurulation (Christodoulou and Skourides, 2015).

Elevation of intracellular calcium is largely mediated by influx of extracellular
calcium through calcium channels in the plasma membrane or calcium release from the
endoplasmic reticulum (ER) (Shao et al.,, 2015). The long- and short-range calcium
waves are primarily mediated by IP3-dependent release of calcium from the ER (Webb

and Miller, 2006, Jaffe, 2008, Balaji et al., 2017, Wallingford et al., 2001, Soto et al.,
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2013). In contrast, the localized calcium transients are generally mediated by plasma
membrane-localized calcium channels, thereby creating a local microdomain of calcium

near the opening of the channel (Berridge, 2006, Wei et al., 2009, Tsai et al., 2015).

1.8 Mechanosensitive calcium channels in the epithelium

Mechanosensitive calcium channels (MSCs) are a class of plasma membrane-localized
calcium channels that are capable of sensing changes in the mechanical forces applied
on the plasma membrane and eliciting a calcium influx into the cell (Figure 1.6) (Sachs,
2017). In eukaryotes, Piezol, Piezo2 and members of the Transient Receptor Potential
(TRP) family have been shown to sense mechanical tension and undergo
conformational change to allow calcium ions into the cell (Martinac, 2004, Coste et al.,
2010). MSCs can detect a wide range of mechanical stimuli generated by tissue
extrinsic forces including tensile stress, shear stress or osmotic stress, and tissue
intrinsic forces like actomyosin tension, force from cell-cell junctions, and cell-matrix
adhesion (Nourse and Pathak, 2017, Ellefsen et al., 2019, Canales Coutino and Mayor,
2021, Luo et al., 2019). Several of the MSCs (Piezol, TRPC1, TRPC5, TRPC6, TRPV2
and TRPV4) are expressed in epithelial tissues that undergo drastic changes in cell
shape during physiological functions including lungs, kidney, intestine, urinary bladder
and skin (Coste et al., 2010, Tiruppathi et al., 2006, Akazawa et al., 2013, Miyamoto et
al., 2014, Weber and Muller, 2017). Impaired function of MSCs has been linked to
developmental abnormalities, barrier defects, inflammation, and cancer (Zhong et al.,
2020, Gudipaty and Rosenblatt, 2017, Ranade et al., 2014, Canales et al., 2019, Weber

and Muller, 2017, Weber et al., 2015).
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Figure 1.6: Mechanosensitive calcium channels

Plasma membrane localized MSCs sense changes in membrane tension caused by membrane stretching, and/or
changes in membrane curvature, and respond by allowing calcium ions to pass through the channel into the
cytoplasm.

Piezol senses membrane tension caused by stretch or curvature of the
membrane to allow calcium ions to pass through the membrane (Zhao et al., 2018,
Syeda et al., 2015, Coste et al., 2010). In epithelia, Piezol, is implicated in maintaining
barrier integrity by regulating both cell division and cell extrusion depending on the
density of the cells in the tissue (Eisenhoffer et al., 2012, Gudipaty et al., 2017). In a
crowded tissue, calcium influx through Piezol activates ROCK-mediated actomyosin
around the extruding cell for successful cell extrusion (Eisenhoffer et al., 2012). On the
other hand, calcium influx through Piezol drives cell division in areas of low cell density
(Gudipaty et al., 2017). Given that both cell extrusion and cell division require rapid
remodeling of cell-cell junctions, it is of interest to understand whether Piezol regulates

epithelial adhesion and barrier function in response to local and/or global mechanical
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stimuli. Additionally, activation of Piezol, TRPV4 and TRPC6 mediates stress fiber
formation by activation of RhoA in migrating cells, suggesting a potential role for MSCs
in regulation of active RhoA at apical cell-cell junctions (Canales Coutino and Mayor,
2021). Future studies are required to better understand whether MSCs function as
mechanotransducers in epithelial tissue during cell- and tissue-scale physiological

movements.

1.9 Xenopus laevis embryos are an ideal system for studying mechanosensitive

tight junction remodeling

Gastrula-stage Xenopus laevis embryos are an ideal system for studying dynamic
remodeling of cell-cell junctions in response to mechanical stimuli because: 1. they have
functional, polarized cell-cell junctions (Stephenson and Miller, 2017); 2. the embryonic
epithelium mimics the mechanical forces cells experience in intact tissues (Stooke-
Vaughan et al., 2017); 3. the junctional proteins and MSCs including Piezol are highly
conserved between human and Xenopus (Coste et al., 2010); 4. the blastocoel (cavity)
in the gastrula-stage embryos enables the use of ZnUMBA to identify dynamic breaks
that correspond to sites of leak pathway flux (Stephenson et al., 2019); and 5. our lab is
equipped to measure dynamic changes in RhoA activity in living tissue using fluorescent
probes (GFP-rGBD or mCherry-2xrGBD) that binds specifically to the active (GTP-
bound) state of RhoA (Benink and Bement, 2005, Davenport et al., 2016). Taken
together, the intact epithelium of Xenopus laevis embryos is an ideal system for

studying mechanosensitive regulation of epithelial barrier function.
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1.10 Dissertation overview

In this dissertation, | investigate how a mechanical cue is converted into biochemical
signals to regulate barrier function in the vertebrate epithelium. In Chapter 2, | explore
the role of intracellular calcium in regulation of barrier function during cell shape
changes. | demonstrate that following a local leak in the barrier, calcium increase
mediated by MSC regulates the sustained activation of Rho flare repair pathway. The
sustained activation of Rho flares is required to effectively repair local TJ leaks in order
to maintain the tissue-level integrity of the barrier. This work reveals a new mechanism
by which epithelial cells can sense and convert a local mechanical stimulus into
biochemical signal. In Chapter 3, | characterize the role of Piezol in regulating barrier
function. | show that Piezol localizes to AJs and partially overlaps with the zonula
adherens (ZA). Further, | explore the function of Piezol in maintaining barrier function in
response to mechanical forces. In Chapter 4, | discuss the implications of my finding in
the context of mechanobiology during physiological and pathophysiological conditions,
address possible calcium-mediated modulation of RhoA activity, speculate how
calcium/calmodulin regulates TJ reinforcement in a Rho-independent manner, discuss
mechanical tension that activates the potential MSC at Rho flares, and present future

directions based on my findings.
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Chapter 2 Mechanosensitive Calcium Signaling Promotes Epithelial Tight

Junction Remodeling by Activating RhoA

This chapter describes work available as a preprint in bioRxiv

Varadarajan S., Stephenson R.E., Misterovich E.R., Wu J.L., Erofeev |.S., Goryachev
A.B., and Miller A.L. Mechanosensitive calcium signaling promotes epithelial tight
junction remodeling by activating RhoA. bioRxiv 2021.05.18.444663.
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2.1 Abstract

Epithelia maintain an effective barrier by remodeling cell-cell junctions in response to
mechanical stimuli. Cells often respond to mechanical stress through activating RhoA
and remodeling actomyosin. Previously, we found that local leaks in the barrier are
rapidly repaired by localized, transient activation of RhoA — “Rho flares” — but how Rho
flares are initiated remains unknown. Here, we discovered that intracellular calcium
flashes occur in Xenopus laevis epithelial cells undergoing Rho flare-mediated

remodeling of tight junctions. Calcium flashes originate at the site of barrier leaks and
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propagate into the cell. Depletion of intracellular calcium or inhibition of
mechanosensitive calcium channels (MSC) reduced the amplitude of calcium flashes
and diminished the activation of Rho flares. Furthermore, MSC-dependent calcium
influx was necessary to maintain global barrier function by regulating local repair of tight
junctions through efficient junction contraction. We propose that MSC-dependent
calcium flashes are an important mechanism allowing epithelial cells to sense and

respond to local leaks induced by mechanical stimuli.
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2.2 Introduction

The ability of epithelial tissues to establish and maintain a selective paracellular barrier
is crucial for development of multicellular organisms and proper function of vital organs
(Marchiando et al., 2010, Moriwaki et al., 2007, Ivanov et al., 2010a, Luissint et al.,
2016). The dynamic nature of epithelial tissues during development and organ
homeostasis requires cells to change shape and remodel their cell-cell junctions during
tissue-generated forces including cell division, extrusion, and intercalation (Varadarajan
et al., 2019, Guillot and Lecuit, 2013, Gudipaty and Rosenblatt, 2016). Remarkably,
epithelia are able to maintain barrier function despite this remodeling (Higashi et al.,
2016, Stephenson et al., 2019, Rosenblatt et al., 2001). However, the mechanisms by
which epithelial cells remodel their cell-cell junctions without compromising barrier
function is not fully understood.

In vertebrates, epithelial barrier function is regulated by the apical junctional
complex, including tight junctions (TJs) and adherens junctions (AJs) (Zihni et al.,
2016). Claudins and Occludin, transmembrane TJ proteins, interact with their
counterparts on neighboring cells and polymerize within the membrane to form a
network of TJ strands that selectively regulate the passage of small ions and
macromolecules between the cells (Claude and Goodenough, 1973, Furuse et al.,
1998, Staehelin et al., 1969). TJ strands are connected to the underlying actomyosin
array by the zonula occludens (ZO) family of scaffolding proteins, thereby coupling
barrier function to actomyosin-mediated cells shape changes (ltoh et al., 1999, Van
Itallie et al., 2017, Furuse et al., 1998, Fanning et al., 1998). Although it is known that

mechanical stress leads to a global increase in permeability to macromolecules
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(Cavanaugh et al., 2006, Samak et al., 2010, Cohen et al., 2008), much less is known
about how cells respond to these leaks.

We recently reported the occurrence of short-lived leaks associated with cell-
generated mechanical forces in the developing Xenopus epithelium (Stephenson et al.,
2019). During Xenopus gastrulation, the epithelial monolayer covering the animal cap of
the embryo undergoes frequent cell divisions and morphogenetic movements, requiring
elongation of cell-cell junctions to accommodate cell shape changes. Leaks were
associated with elongating junctions and happened at sites where TJ proteins were
locally reduced. Leaks were dynamically repaired by localized, short-lived activations of
the small GTPase RhoA, which we termed “Rho flares” (Stephenson et al., 2019). Rho
flares are associated with local membrane protrusion at the site of leaks, suggesting
that RhoA may be activated by a membrane tension-mediated mechanosensitive
pathway.

Calcium signaling plays a key role in transducing mechanical forces into
biochemical signals during cell shape changes (Christodoulou and Skourides, 2015,
Sahu et al.,, 2017). Calcium signaling varies from long-range calcium waves to
subcellular calcium transients, both of which are controlled precisely in space and time
to modulate cytoskeleton-mediated cell shape changes. Calcium signaling is required
for local RhoA activation during mechanical events including wound healing (Clark et
al., 2009, Benink and Bement, 2005), cell migration (Pardo-Pastor et al., 2018), and
dendritic spine enlargement (Murakoshi et al.,, 2011), suggesting the possibility of

calcium-mediated RhoA activation during TJ remodeling.
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Elevation of intracellular calcium following a mechanical stimulus is mediated by
influx of extracellular calcium through mechanosensitive calcium channels (MSCs) in
the plasma membrane or calcium release from the endoplasmic reticulum (ER) (Shao et
al., 2015). Plasma membrane localized MSCs - including the Piezo and Transient
Receptor Potential (TRP) families — allow calcium influx in response to local and/or
global changes in membrane tension or curvature (Liu and Montell, 2015, Gudipaty et
al., 2017, Miyamoto et al., 2014, Mochizuki et al., 2009, Coste et al., 2010, Shi et al.,
2018). For example, during cell migration, MSCs mediate transient calcium influx at
lamellipodia and focal adhesions to guide the direction of migration (Ellefsen et al.,
2019, Wei et al., 2009). However, the role of MSCs in force-dependent remodeling of
TJs has not been elucidated.

Here, we investigate whether calcium signaling and MSCs are involved in TJ
remodeling using live imaging of the gastrula-stage Xenopus epithelium. We show that
a local intracellular calcium increase follows paracellular leaks in response to cell-cell
junction elongation. We demonstrate that this intracellular calcium increase is required
for the Rho flare-mediated TJ repair pathway and is dependent on MSCs. Finally, we
show that MSC-mediated calcium influx regulates local junction contraction through
robust Rho activation and is required to repair and maintain an intact barrier during cell

shape changes.
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2.3 Results

2.3.1 Epithelial barrier leaks induce a local intracellular calcium increase

Intracellular calcium signaling has been implicated in TJ biogenesis, establishment of
barrier function, and actomyosin-mediated cell shape changes (Gonzalez-Mariscal et
al., 1990, Nigam et al., 1992, Christodoulou and Skourides, 2015, Suzuki et al., 2017).
Thus, we hypothesized that intracellular calcium signaling might be involved in Rho
flare-mediated TJ repair of local leaks. To test this idea, we performed Zinc-based
Ultrasensitive Microscopic Barrier Assay (ZnUMBA (Stephenson et al., 2019)) in
gastrula-stage Xenopus embryos (Nieuwkoop and Faber stage 10.5-12) expressing
probes for intracellular calcium and active Rho (tagBFP-C2 (Yu and Bement, 2007) and
mCherry-2xrGBD (Benink and Bement, 2005, Davenport et al., 2016). The C2 domain
of PKCB, when bound to calcium, is recruited from the cytoplasm to the plasma
membrane, and is capable of detecting both local and global calcium increases. High-
speed live imaging demonstrated that calcium increases locally at sites of leaks (Figure
2.1 and Figure S 2.1 A). FluoZin-3 intensity increased prior to the local calcium increase
at the site of Rho flares, indicating a leak, (Figure 2.1 B) and returned to baseline
following the increase in calcium and active Rho, indicating restoration of barrier
function (Figure 2.1 B).

To better evaluate the spatial origin of the calcium increase at Rho flares, we
generated a kymograph at the site of the Rho flare. The kymograph shows that the
intracellular calcium increase originates at the plasma membrane and spreads
asymmetrically into the cells adjacent to the membrane (Figure 2.1 D). Asymmetric

intracellular calcium increase is proportional to the active Rho intensity in each of the
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cells adjacent to the membrane (Figure 2.1, C-D). Because Rho flares precede TJ
reinforcement (Stephenson et al., 2019), we next examined whether the local calcium
increase precedes ZO-1 reinforcement. Indeed, quantification revealed that the local
calcium increase precedes ZO-1 reinforcement (Figure 2.1, C and E). Together, these
results show that the local calcium increase originates at sites of leaks and is followed

by ZO-1 reinforcement.
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Figure 2.1: Epithelial paracellular leaks induce a local intracellular calcium increase.
(A) Time lapse images (Fire LUT) of FluoZin-3 dye, membrane calcium probe (tagBFP-PKC B-C2), and active Rho

(mCherry-2xrGBD). Calcium increase (white arrows) follows a leak indicated by increase in FluoZin-3 fluorescence
(yellow arrows) at the site of Rho flare (yellow arrowheads). Time 0 s represents start of Rho flare.
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(B) Quantification of experiments shown in A. Top: Schematic showing regions of interest (ROIs) and used to quantify
Rho flares, calcium (C2), and FluoZin-3. Bottom: Graph of mean normalized intensity shows the leak (FluoZin-3)
precedes the increases in local calcium and active Rho. Shaded region represents S.E.M. n= 18 flares, 10 embryos,
6 experiments.

(C) Time lapse images (FIRE LUT) of BFP-ZO-1, membrane calcium probe (mNeon-PKC B-C2), and active Rho
(mCherry-2xrGBD). Local calcium increase (white arrows) is spatially localized to the site of ZO-1 decrease (yellow
boxed region) and Rho flare (yellow arrowheads).

(D) Top: Cell view of an embryo expressing membrane calcium probe (mNeon-PKCB-C2, green) and active Rho
probe (mCherry-2xrGBD, magenta). The yellow arrow indicates the 5-pixel wide region used to generate the
kymograph. Bottom: Kymograph shows that calcium increase originates at the junction and spreads.

(E) Quantification of experiments shown in C. Graph of mean normalized intensity shows that local calcium increases
simultaneously with the increase in active Rho. Shaded region represents S.E.M. n= 19 flares, 15 embryos, 8
experiments.

2.3.2 Intracellular calcium flash precedes Rho flares during local ZO-1

reinforcement

To better characterize the temporal dynamics of the intracellular calcium increase, we
imaged GCaMP6m (Chen et al., 2013), a genetically encoded calcium probe with faster
kinetics but reduced spatial sensitivity compared to C2. We detected a transient
increase in calcium in cells adjacent to the junction with the Rho flare (Figure 2.2 A) with
a duration of 72.72 £ 9.13 s (Figure 2.2 B), hereafter referred to as a “calcium flash”.
Calcium flashes associated with Rho flares differ from calcium waves previously
described during Xenopus gastrulation because they are restricted to the cells
neighboring the junction exhibiting a Rho flare (Figure S 2.1, A-B). In contrast, calcium
waves originate in 2-4 cells and propagate to neighboring cells within minutes
(Wallingford et al., 2001) (Figure S 2.1, C-C’).

When observed with GCaMP6m, calcium flashes occur after the decrease in ZO-
1 and precede Rho flares by ~40-50 s (Figure 2.2, C and D). The intensity of GCaMP6m
decreases as reinstatement of ZO-1 is initiated (Figure 2.2 D). Next, to evaluate junction
contraction in relation to the calcium flash, we measured the vertex-to-vertex junction
distance of the cell-cell junctions where Rho flares occur over time. We found that

junction elongation preceded the calcium flash, and a rapid contraction of the junction
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immediately followed the calcium flash and Rho flare (blue trace, Figure 2.2 E). Of note,
we observed that the initiation of junction contraction occurs during the peak of the
calcium flash, and the stabilization of junction length occurs as the calcium level returns
to baseline. Taken together, our results support a role for calcium flashes in promoting
Rho flare-mediated TJ reinforcement through contraction and stabilization of cell-cell

junctions.
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Figure 2.2: Intracellular calcium increase precedes Rho flares during local ZO-1 reinforcement. (A) Time lapse
images of calcium (GCaMP6m, green) and active Rho (mCherry-2xrGBD, magenta). Calcium flash occurs in cells

adjacent to the junction with the Rho flare (yellow arrowheads). Time O s represents start of Rho flare.(B) Dot plot of

calcium flash duration (full duration at half maximum, FDHM). Error bar represents mean + S.E.M. n= 11 flashes, 11

embryos, 10 experiments.

(C) Montage of the junction indicated by the blue box in A (FIRE LUT). A calcium flash (GCaMP6m) follows a local

loss of ZO-1 (BFP-Z0-1, yellow boxed region, enlarged below) and precedes the Rho flare (mCherry-2xrGBD, yellow

arrowhead).

(D) Quantification of experiments shown in C. Top: Schematic showing regions of interest (ROIs) used to quantify

Rho flares, calcium, and ZO-1. Bottom: Graph showing calcium intensity increase follows a decrease in ZO-1 and

precedes an increase in active Rho. Shaded region represents S.E.M. n= 20 flares, 15 embryos, 12 experiments.
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(E) Graph showing calcium flash (GCaMP6m) follows junction elongation and precedes Rho-mediated junction
contraction and stabilization of length. Shaded region represents S.E.M. n= 17 flares, 14 embryos, 11 experiments.

2.3.3 Intracellular calcium flash is required for Rho flare activation and ZO-1

reinforcement

Calcium is required for Rho activation during local cell shape changes including
epithelial wound healing, cell migration, and dendritic spine enlargement (Clark et al.,
2009, Murakoshi et al., 2011, Pardo-Pastor et al., 2018). However, whether calcium is
required for local Rho activation and ZO-1 reinforcement at leaks remains unknown. To
test this question, we chelated intracellular calcium using BAPTA-AM, a cell-permeable
calcium chelator that chelates intracellular calcium without disrupting calcium-
dependent cadherin adhesion. BAPTA-AM alone treatment led to an increase in the
frequency of calcium waves (Figure S 2.2 A), which disrupted our ability to observe
calcium flashes. Calcium waves are dependent on ER-mediated calcium release
(Wallingford et al., 2001), so we blocked them using the IP3 channel blocker, 2-APB, in
addition to chelating intracellular calcium with BAPTA-AM (Figure 2.3 A). Upon
treatment with BAPTA-AM + 2-APB (Figure 2.3 A’), the intensity of calcium flashes was
reduced compared to vehicle (DMSO) (Figure 2.3, B-D’). Active Rho was also
significantly reduced at sites of ZO-1 loss when intracellular calcium was chelated
(Figure 2.3, B, C, E, and E’). Finally, we observed that ZO-1 breaks were more severe,
lasted longer, and failed to be reinstated in intracellular calcium chelated embryos
compared to vehicle controls (Figure 2.3, B, C, F and F’). Together, our results suggest
that intracellular calcium increase is required for both Rho flare activation and efficient

Z0O-1 reinforcement.
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Figure 2.3: Intracellular calcium flash is required for Rho flare activation and ZO-1 reinforcement.(A)
Schematic of cytosolic calcium chelation using BAPTA-AM and blocking IPsR-mediated calcium release from the ER
using 2-APB.

(A’) Schematic showing BAPTA-AM and 2-APB treatment after removal of vitelline envelope.

(B-C) Time-lapse images (FIRE LUT) of BFP-ZO-1, calcium (GCaMP6m), and active Rho (mCherry-2xrGBD).
Embryos were treated with 0.5% DMSO (vehicle, B) or 20 uM BAPTA-AM and 100 uM 2-APB (calcium chelation, C).
Calcium chelation resulted in more severe ZO-1 breaks (yellow boxes, enlarged below) and decreased Rho activity
(yellow arrowheads) at the site of ZO-1 loss. Time 0 s represents the start of ZO-1 decrease.

(D-F) Graphs of mean normalized intensity of calcium (GCaMP6m, D), active Rho (E) and ZO-1 (F) at the site of ZO-
1 loss over time in vehicle (DMSO, solid lines) or calcium chelation (BAPTA-AM+2-APB, dashed lines) embryos.
Shaded region represents S.E.M. DMSO: n= 10 flares, 7 embryos, 7 experiments; BAPTA-AM+2-APB: n=13 flares, 8
embryos, 8 experiments.

(D’-F’) Area under the curve for calcium (D’) and active Rho (E’) was calculated from D and E, respectively. Scatter
plot of change in ZO-1 intensity (F’) was calculated from F. |1 and I. represent average intensity of ZO-1 from
individual traces from time 0-50 s and 400-450 s, respectively. Error bars represent mean + S.E.M.; significance
calculated using Mann-Whitney test.
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2.3.4 Mechanosensitive calcium channel-dependent calcium influx is required for

Rho-mediated reinforcement of ZO-1

Plasma membrane localized MSCs play an important role in mediating local calcium
influx in response to changes in local membrane tension (Canales et al., 2019, Ellefsen
et al., 2019). Rho flares occur following junction elongation (Figure 2.2 E) and loss of
Z0O-1 (Figure 2.2 D), a scaffolding protein that connects TJ transmembrane proteins to
the underlying actin cytoskeleton, suggesting a possible change in membrane tension
due to detachment of membrane from the underlying actin cytoskeleton. Furthermore,
Rho flares are associated with apical plasma membrane deformation (Stephenson et
al., 2019) and a local calcium increase that originates at the plasma membrane (Figure
2.1 D). Together, these observations suggest that calcium influx may be mediated by
MSCs. First, we evaluated the temporal association of membrane protrusion (tagBFP-
membrane) and Rho flares (mCherry-2xrGBD). The kymograph at the site of a Rho flare
showed that membrane protrusion (blue, Figure 2.4 A) expands with a similar timing to
the increase in Rho activation (magenta, Figure 2.4 A) supporting a mechanosensation-
based mechanism. Therefore, to test if MSCs are responsible for the calcium flash
preceding Rho flares, we blocked MSCs using Grammostola Mechanotoxin #4
(GsMTx4), a peptide from spider venom. GsMTx4 decreases the sensitivity of MSCs to
changes in membrane tension, thereby blocking calcium influx mediated by Piezol and
TRP channels (Figure 2.4 B) (Bae et al.,, 2011, Gnanasambandam et al., 2017,
Bowman et al.,, 2007). MSC-mediated calcium transients are required for tissue
homeostasis and proper development (Hunter et al., 2014). Therefore, we used

GsMTx4 at a low concentration such that embryos successfully develop to gastrula
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stage, and the overall morphology of cell-cell junctions is not altered. With GsMTx4-
treatment, we observed a significant decrease in the calcium flash associated with Rho
flares (Figure 2.4, C-E and E’), indicating that the calcium flashes preceding Rho flares
are mediated by MSCs. Further, with GsMTx4 treatment, the amplitude and duration of
Rho flares were significantly reduced compared to vehicle (water) (Figure 2.4, C-D, F,
and F’). Although both vehicle- and GsMTx4-treated embryos showed an initial increase
in active Rho at the site of ZO-1 loss, Rho flares were lower in intensity and short-lived
in GsMTx4-treated embryos (Figure 2.4 F). In addition, by measuring the normalized
intensity of ZO-1 over time, we found that the amount of ZO-1 loss prior to Rho
activation was comparable between vehicle- and GsMTx4-treated embryos (I1, Figure
2.4 G). However, treatment with GsMTx4 significantly reduced ZO-1 reinforcement
compared to vehicle controls (Figure 2.4, C-D, G, and G’). Of note, GsMTx4 treatment
did not alter active RhoA accumulation at the contractile ring in dividing cells (Figure S
2.2 B), or steady state levels of active RhoA (Figure S 2.2, C-C’), or the downstream
targets of active RhoA (Figure S 2.3, D-E) at cell-cell junctions. Together, these findings
demonstrate that MSC-mediated calcium influx is required for both robust Rho flare

activation and efficient reinforcement of ZO-1.
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Figure 2.4: Mechanosensitive calcium channel-dependent calcium influx is required for Rho-mediated
reinforcement of ZO-1.(A) Left: Cell view of an embryo expressing membrane probe (tagBFP-membrane, blue) and
active Rho probe (mCherry-2xrGBD, magenta). Yellow arrow indicates the 2-pixel wide region used to generate the
kymograph. Right: Kymograph shows that membrane protrusion increases with Rho flare. Green arrow indicates the
start of membrane protrusion and Rho flare.

(B) Schematic showing that GsMTx4 inhibits MSC-mediated calcium influx in response to changes in membrane
tension induced by stretch or curvature.

(C-D) Time-lapse images (FIRE LUT) of BFP-ZO-1, calcium (GCaMP6m), and active Rho (mCherry-2xrGBD).
Embryos were treated with water (vehicle, C) or 12.5 pM GsMTx4 (MSC inhibitor, D). MSC inhibition resulted in a
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decrease in calcium influx, short duration, low intensity Rho flares (yellow arrowheads), and decreased ZO-1
reinforcement at the site of ZO-1 loss (yellow boxes, enlarged below). Time O s represents the start of Rho flares.
(E-G) Graphs of mean normalized intensity of calcium (GCaMP6m, E), active Rho (F), and ZO-1 (G) at the site of ZO-
1 loss over time in vehicle (water, solid lines) or MSC inhibition (GsMTx4, dashed lines) embryos. Shaded region
represents S.E.M. Vehicle: n= 13 flares, 6 embryos, 6 experiments; GsMTx4: n=17 flares, 7 embryos, 6 experiments.
(E’-G’) Area under the curve for calcium (E’) and active Rho (F’) were calculated from E and F, respectively. (G’)
Scatter plot of change in ZO-1 intensity (G’) was calculated from G. I1 and |2 represent average intensity of ZO-1 from
individual traces at time -25:25 s and 400:450 s, respectively. Error bars represent mean + S.E.M.; significance
calculated using Mann-Whitney test.

2.3.5 Mechanosensitive calcium channel-mediated calcium influx is required for

proper epithelial barrier function and local junction contraction

Rho flare-mediated ZO-1 reinforcement is required to repair local leaks and maintain
paracellular barrier integrity. Our results show that a calcium increase follows local leaks
(Figure 2.1 B), and blocking MSCs leads to impaired Rho activation and ZO-1
reinforcement (Figure 2.4, F and G). Therefore, we hypothesized that MSC-mediated
calcium influx is required to maintain an intact paracellular epithelial barrier. To detect
transient leaks in the barrier, we performed ZnUMBA in vehicle- or GsMTx4-treated
embryos. With GsMTx4 treatment, the whole-field intensity of FluoZin-3 increased over
time compared to vehicle controls (Figure 2.5, A and B), indicating a global barrier
disruption. However, global barrier disruption could be the result of failure to repair local
leaks associated with ZO-1 loss. Therefore, we next analyzed the frequency of Rho
flares in vehicle- and GsMTx4-treated embryos. The frequency of Rho flares increased
significantly in GsMTx4-treated embryos compared to the matched controls (Figure 2.5
C), suggesting an increase in local leaks. To examine if local leaks were contributing to
global barrier disruption, we analyzed individual junctions associated with local FluoZin-
3 increase. With GsMTx4 treatment, local FluoZin-3 increased repeatedly at the site of
Z0-1 loss (single and double white arrows, Figure 2.5 E) compared to vehicle controls
where the local FluoZin-3 increase was resolved following robust activation of Rho

flares and ZO-1 reinforcement (Figure 2.5, D-E). Of note, in GsMTx4-treated embryos, a
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Rho flare failed to be activated following an initial increase in local FluoZin-3 (yellow
arrow, Figure 2.5 E). Collectively, these findings suggest that MSC-mediated robust
activation of Rho flares and ZO-1 reinforcement is required to resolve local leaks to
maintain the overall paracellular barrier integrity.

Following TJ breaks, Myosin Il activation through a Rho/ROCK-mediated signaling
pathway is required for efficient ZO-1 reinforcement via local junction contraction
(Stephenson et al., 2019). So, we asked whether reduced ZO-1 reinforcement observed
in GsMTx4-treated embryos was a result of reduced junction contraction. We found that
rapid contraction of the junction immediately following the Rho flare was significantly
reduced in GsMTx4-treated embryos compared to vehicle controls (Figure 2.5, F and
F’). Further, to track the local contractile regions within individual junctions, we
generated kymographs of a cell-cell junction projected from vertex-to-vertex. In
GsMTx4-treated embryos, we observed a dramatic loss of junction contraction and lack
of ZO-1 reinforcement following Rho flares (black bracket, Figure 2.5 G) compared to
robust contraction and ZO-1 reinforcement in controls. Additionally, kymographs
highlighted that in GsMTx4-treated embryos there are many short-lived Rho flares,
which often repeat at the same site and yet remain unable to reinforce ZO-1 (orange
arrows, Figure 2.5 G and Figure S 2.3 A). Furthermore, we observed reduced F-actin
accumulation at the site of short-lived Rho flares in GsMTx4-treated embryos (Figure S
2.3, B-C). Taken together, our results show that MSC-mediated calcium influx is
required for actomyosin mediated local junction contraction through robust and

sustained Rho activation, and thereby efficient reinforcement of ZO-1.
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Figure 2.5: Mechanosensitive calcium channel-mediated calcium influx is required for proper epithelial
barrier function and local junction contraction.(A) Time-lapse images (orange hot LUT) of epithelial permeability
tested using ZnUMBA (FluoZin-3). Embryos were treated with water (vehicle, top) or 12.5 pM GsMTx4 (MSC
inhibitor, bottom). Time O s represents the start of the time-lapse movie.
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(B) Graph of mean normalized intensity of whole-field FluozZin-3 for vehicle (water) or GsMTx4-treated embryos.
Blocking MSCs increased global FluoZin-3 intensity over time compared to vehicle. Shaded region represents S.E.M.
Vehicle: n= 6 embryos, 4 experiments; GsSMTx4: n= 6 embryos, 4 experiments.

(C) Frequency of Rho flares in vehicle (water) and GsMTx4-treated embryos. Frequencies from paired experiments
are color matched. Error bars represent mean = S.E.M.; significance calculated using paired two-tailed t-test; n=5
embryos, 4 experiments.

(D-E) Montage of representative junctions from A (FIRE LUT). Blocking MSCs with GsMTx4 causes repeated
increases in local FluoZin-3 (white arrows), reduced ZO-1 (BFP-ZO-1) reinforcement (yellow boxes, enlarged below),
and reduced duration of Rho flares (mCherry-2xrGBD, yellow arrowheads) at sites of ZO-1 loss. Repeated FluoZin-3
increase is indicated by double white arrows, and failure to activate Rho flare after FluoZin-3 increase is indicated by
yellow arrow.

(F-F’) Graph of change in junction length for junctions with Rho flares in vehicle (water) and GsMTx4-treated
embryos. Shaded region represents S.E.M. (F’) Scatter plot of change in junction length was calculated from F. 11 and
I2 represent average length of junction from individual traces from time -20-20 s and 200-240 s, respectively. Error
bars represent mean + S.E.M.; significance calculated using Mann-Whitney test. Vehicle: n= 10 flares, 6 embryos, 6
experiments; GsMTx4: n=16 flares, 7 embryos, 6 experiments.

(G) Kymographs of BFP-ZO-1 (magenta) and active Rho (mChe-2xrGBD, green) from representative junctions
projected vertex-to-vertex over time for vehicle (water) and GsMTx4-treated embryos. Kymographs highlight the
repeating, short duration Rho flares, loss of local junction contraction, and reduced ZO-1 reinforcement upon GsMTx4
treatment.

(H) Model showing mechanism by which mechanosensitive calcium signaling regulates epithelial barrier function.
Top: 3D view of epithelial cells. Bottom: en face view of the junction highlighted showing the spatiotemporal calcium
and RhoA signaling following mechanical stimuli.
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2.4 Discussion

Epithelial tissues adapt to mechanical cues by remodeling their cell-cell junctions and
associated cytoskeleton to maintain tissue homeostasis and barrier function. We
previously showed that physiological mechanical stimuli — like junction elongation that
happens in response to cell shape changes — cause short-lived, local paracellular leaks
(Stephenson et al., 2019). However, it was unclear how cells sense local leaks and
remodel cell-cell junctions without compromising overall barrier integrity.

Using genetically encoded calcium probes, we observed intracellular calcium
flashes during TJ remodeling. Calcium flashes in our study were of longer duration
(72.72 = 9.13 s) compared to single-cell calcium transients (~26-40 s) that mediate
apical cell constriction during Xenopus neural tube closure (Suzuki et al., 2017,
Christodoulou and Skourides, 2015). The difference in the duration of these calcium
transients could be that during apical constriction, the calcium increase is mediated by
intracellular calcium stores. Previous studies have shown that intracellular calcium
increase precedes TJ formation and establishment of epithelial barrier function (Nigam
et al., 1992, Gonzalez-Mariscal et al., 1990). However, these studies used a calcium
switch model and found that the timescale of TJ formation following calcium increase is
significantly slower (~50 minutes) than that of TJ reinstatement following a barrier
breach and calcium flash described here (~1-2 minutes). In addition, we demonstrate
that local leaks and ZO-1 reduction precede the calcium flash, suggesting that the
calcium increase is a consequence of paracellular leak rather than a cause. Thus, our
work is the first to suggest that intracellular calcium is a critical regulator of barrier

function when cells change shape in an intact epithelium.
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Our results also revealed that the intracellular calcium increase originated at the
plasma membrane following a leak (Figure 2.1, D, and Figure S 2.1, D-E), suggesting
that the calcium increase could be mediated locally by plasma membrane-localized
calcium channels or a local membrane rupture. However, previous work from our lab
suggested that the plasma membrane is indeed intact at the site of leak (Stephenson et
al., 2019). Furthermore, we think it is likely that plasma membrane tension changes
locally when the transmembrane TJ proteins uncouple from the cortical actin
cytoskeleton upon loss of the scaffolding protein, ZO-1. We demonstrated that calcium
increase following local ZO-1 loss is mediated by MSCs, supporting the idea that in
epithelial cells, change in local membrane tension led to local activation of MSCs (Shi et
al., 2018). Given that both the Piezo and TRP families are mammalian MSCs capable of
gating calcium influx, it will be interesting in future studies to investigate the relative role
of MSCs blocked by GsMTx4, specifically Piezol and TRPC6, in TJ remodeling
(Spassova et al., 2006, Bae et al., 2011). Further, it is clear that local calcium increase
spreads throughout the cell, thus we cannot rule out the possibility that MSC-mediated
calcium influx induces calcium release from intracellular calcium stores.

Both calcium transients and RhoA activation are modulated locally and globally in
response to mechanical stimuli (Clark et al., 2009, Benink and Bement, 2005, Pardo-
Pastor et al., 2018, Acharya et al., 2018). Our results demonstrate intracellular calcium
increase as a key signal for activation of Rho flares. We observed that perturbation of
intracellular calcium using a cytoplasmic calcium chelator in conjunction with an IP3R
blocker (BAPTA-AM+2-APB) reduced RhoA activation at sites of ZO-1 loss to a greater

extent compared to the MSC blocker (GsMTx4). The difference in the degree of
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inhibition could be potentially due to altered tissue tension resulting from physical
removal of the vitelline for BAPTA-AM+2-APB but not GsSMTx4 experiments, or due to a
calcium-independent effect of BAPTA-AM on the actin cytoskeleton (Saoudi et al.,
2004). Furthermore, our results show that despite the spreading of calcium throughout
the cell, Rho flares are spatially confined to the site of paracellular leaks. This suggests
that calcium may regulate RhoA activity by modulating the activity of a specific Rho
GEF or Rho GAP, not by direct regulation of RhoA. For example, intracellular calcium
increase could activate RhoA via PKCa-mediated activation of a Rho GEF (Holinstat et
al., 2003), or CaMKII-mediated crosstalk between active Cdc42 and RhoA (Murakoshi
et al., 2011, Benink and Bement, 2005). Interestingly, our observation that in GSMTx4-
treated cells, Rho flares were activated but at a significantly lower intensity and shorter
duration, suggests an additional calcium-independent mechanism to initiate activation of
RhoA.

In addition to regulating the activity of RhoA, MSC-mediated intracellular calcium
increase is important for reinforcement of ZO-1, given that both intracellular calcium
chelation, and blocking MSCs, inhibited reinforcement of ZO-1. This loss of ZO-1
reinforcement is due to reduced active RhoA-mediated junction contraction, presumably
due to the loss of ROCK/Myosin Il activation at the site of leaks (Stephenson et al.,
2019). Previous studies have demonstrated that chelation of intracellular calcium or
inhibition of RhoA activity hinder the association of ZO-1 with the actin cytoskeleton
(Stuart et al., 1994, Nusrat et al., 1995b). Thus, our study is the first to reveal that
calcium promotes ZO-1 recruitment and reinforcement at TJs by regulating RhoA

activation. Given that myosin light chain kinase (MLCK) is activated by
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calcium/calmodulin, and active MLCK stabilizes ZO-1 at TJs (Yu et al., 2010), it is
possible that calcium regulates ZO-1 reinforcement at TJs via MLCK activation in
parallel to RhoA activation.

Expression and activity of MSCs, including Piezol and TRPV4, enhanced global
barrier function by up-regulation or post-translational modification of junctional proteins
(Zhong et al., 2020, Sokabe et al., 2010, Akazawa et al., 2013). Consistent with this
finding, using live imaging and a highly sensitive barrier assay, we observed MSC-
mediated calcium influx is required to maintain global barrier function. Interestingly, the
increased global paracellular permeability appears to be a cumulative effect of failure to
fix local leaks. When MSCs were blocked, Rho flares often failed to be activated
immediately following the leak, and when Rho flares were weakly activated, they tended
to repeat at the site of the leak in attempts to reinforce ZO-1.

In conclusion, we find mechanically-triggered calcium influx is an important
feature of the mechanism by which epithelial cells sense and respond to transient leaks
in barrier function (Figure 2.5 H). Calcium flashes mediated by MSCs are required for
local junction contraction through robust and sustained Rho activation and thereby
efficient TJ reinforcement. However, when local leaks fail to be repaired by low intensity,
short duration Rho flares, global barrier function is weakened. Thus, MSC-mediated
local calcium influx may serve as a mechanotransduction mechanism to specifically
relay biochemical signals only to sites of paracellular leaks, without affecting overall TJ
structure and function in a dynamic epithelial tissue undergoing various cell shape

changes.
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2.5 Materials and Methods

DNA constructs and mRNA preparation:

GCaMP6m was generated by PCR amplifying the GCaMP6m sequence from pGP-
CMV-GCaMP6m (Addgene plasmid #40754, (Chen et al., 2013)) and ligating it into the
BamH1 and EcoR1 sites in pCS2+. BFP-PKC-B-C2 and mNeon-PKC-B-C2 were
generated by PCR amplifying the C2 domain of Xenopus laevis PKC-B from
pCS2+/eGFP-PKC-B-C2 (Yu and Bement, 2007) and ligating into the Xhol and EcoR1
sites in pCS2+/N-tagBFP2.0 and pCS2+/N-mNeon, respectively. All constructs were
verified by sequencing. pCS2+/mCherry-2xrGBD (probe for active Rho, (Davenport et
al.,, 2016)), pCS2+/BFP-ZO-1 (human ZO-1, (Stephenson et al.,, 2019)), and
pCS2+/tagBFP-membrane (probe for membrane, (Higashi et al., 2016)) were previously
reported. All plasmid DNAs were linearized with Notl, except BFP-ZO-1 which was
linearized using Kpnl. mRNA was in vitro transcribed from linearized pCS2+ plasmids
using the mMessage mMachine SP6 Transcription kit (Ambion) and purified using the
RNeasy Mini kit (Qiagen). Transcript size was verified on 1% agarose gel containing
0.05% bleach and Millennium RNA markers (Invitrogen).

Xenopus embryos and microinjection:

All studies conducted using Xenopus laevis embryos strictly adhered to the compliance
standards of the U.S. Department of Health and Human Services Guide for the Care
and Use of Laboratory Animals and were approved by the University of Michigan
Institutional Animal Care and Use Committee. Eggs from Xenopus were collected, in
vitro fertilized, and dejellied as previously reported (Woolner et al., 2009, Miller and

Bement, 2009). Dejellied embryos were stored at 15°C in 0.1x Mark’s Modified Ringers
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solution (MMR) containing 10 mM NaCl, 0.2 mM KCI, 0.2 mM CacClz, 0.1 mM MgClz,
and 0.5 mM HEPES, pH 7.4. Embryos were microinjected in the animal hemisphere
with mRNA either twice per cell at the two-cell or once per cell at the four-cell stage.
Injected embryos were allowed to develop to gastrula stage (Nieuwkoop and Faber
stage 10.5-12) at 15°C or 17°C. The amount of mMRNA per 5nl of microinjection volume
was as follows: BFP-PKC-B-C2, 100 pg; mNeon-PKC-B-C2, 100 pg; GCaMP6m, 500
pg; mCherry-2xrGBD, 50 pg; BFP-ZO-1, 50 pg; BFP-membrane, 12.5 pg and Lifeact-
GFP 10 pg.
Microscope image acquisition:
Live imaging of gastrula stage Xenopus embryos was performed on an inverted
Olympus Fluoview 1000 Laser Scanning Confocal Microscope equipped with a 60X
supercorrected Plan Apo N 60XOSC objective (numerical aperture (NA) = 1.4, working
distance = 0.12mm) using mFV10-ASW software. Embryos were imaged in a custom
chamber made of a 0.8 mm thick metal slide with a 5 mm hole in the center and two
coverslips stuck on both sides of the hole with a thin layer of vacuum grease, lightly
compressing the embryo between the coverslips. Embryos were mounted in 0.1x MMR,
and the imaging chamber was inverted to image the epithelial cells in the animal
hemisphere at room temperature using the Olympus Fluoview 1000 as previously
described (Reyes et al., 2014).

Live imaging of calcium and Rho flares was generally captured by scanning the
top 3 apical Z- planes (step size of 0.5 um) and acquired sequentially by line scanning
to avoid bleed-through between channels. Global calcium (GCaMP6m), Rho flares, and

Z0O-1 were acquired at a 2 ps/pixel scanning speed, 5 s time interval, and 1.5-2x zoom.
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Local calcium (mNeon-PKC-3-C2), Rho flares, and membrane or ZO-1 were acquired at
a 4 ps/pixel scanning speed, 10 s time interval, and 2x zoom. For ZnUMBA, 8 apical Z-
planes were acquired at an 8 ps/pixel scanning speed, 21 s time interval, and 1.5x
zoom.

Drug treatments:

The intracellular calcium chelator BAPTA-AM (Cayman, 15551) and IPsR blocker 2-APB
(Sigma, D9754) were resuspended in DMSO as a 20 mM or 25 mM stock, respectively,
aliquoted and stored at -20°C. Prior to treatment, the translucent vitelline envelope of
gastrula-stage embryos was physically removed using sharp forceps as previously
described (Sive et al., 2007). Naked embryos were allowed to recover in 0.1x MMR for
30 minutes. Following recovery, embryos were incubated for 1 hour prior to imaging at
15°C in either 0.5% DMSO (vehicle) or a mixture of 20 pM BAPTA-AM and 100 puM 2-
APB in 0.1x MMR.

The MSC blocker GsMTx4 (Smartox, 08GSMO001) was resuspended in water as a 500
MM stock, aliquoted, and stored at -20°C. Prior to use, GsMTx4 was diluted to a
concentration of 25 pM in water, mixed with mRNA, and a total of 1ng was microinjected
into each embryo at the 2-4 cell stage.

Live imaging barrier assay:

Zinc-based Ultrasensitive Microscopic Barrier Assay (ZnUMBA) was performed as
previously reported (Stephenson et al., 2019). Gastrula-stage albino embryos
expressing mCherry-2xrGBD and BFP-ZO-1 or BFP-PKC-B-C2 were microinjected with
10 nl of 1 mM FluoZin-3 containing 100 puM CaCl2 and 100 pM EDTA into the

blastocoel. FluoZin-3-injected embryos were allowed to recover from microinjection for 5
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minutes in 0.1x MMR. Following recovery, embryos were mounted in 0.1x MMR
containing 1 mM ZnCl2 and imaged immediately using confocal microscopy.
Immunofluorescence staining:

Albino embryos injected with vehicle (water) or 12.5 pM GsMTx4 were fixed and
immunostained as previously reported (Arnold et al., 2019). At gastrula-stage, embryos
were fixed overnight at room temperature with a mix of 1.5% PFA , 0.25%
glutaraldehyde, 0.2% Triton X-100, Alexa Fluor 647 phalloidin (1:1000, Thermo Fisher
Scientific, # A22287) in a 0.88x MT buffer containing 80 mM K-PIPES, 5 mM EGTA,
and 1 mM MgClz, pH 6.8 with KOH. Fixed embryos were quenched for 1 hour at room
temperature with 100mM sodium borohydride in 1x PBS and blocked overnight in 10%
FBS, 5% DMSO and 0.1% NP-40 in 1x Tris-buffered Saline. Animal hemisphere of the
bisected embryos were incubated overnight in anti-P-MLC (1:100, Cell Signaling
Technologies, # 3671) in blocking solution, washed 3x with blocking solution, and
incubated overnight in anti-rabbit Alexa 488 IgG (1:200, Thermo Fisher Scientific, #
A11008) and Alexa Fluor 647 phalloidin (1:1000). Embryos were washed and mounted
in VECTASHIELD (VWR, # 101098-042).

Image processing and quantification:

Image processing and analysis were performed using Image J (Fiji). Sum intensity
projections of the Z-series were used for all quantification, and confocal images of time-
lapse movies represented in all figures are sum projections of 3 apical Z-planes (1.5
pm), with the exception of FluoZin-3 (8 apical Z-planes, 4 um).

Quantification of calcium dynamics during Rho flares:
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Calcium dynamics at Rho flares were measured using a circular region of interest of 2.5
pm diameter drawn at the site of flares, spanning the membrane and cytoplasm
adjacent to the membrane, manually tracked over every frame to account for in-plane
drifting in live tissue, and normalized to baseline of 1. Cytosolic calcium (GCaMP6m)
was calculated for each frame using the formula, Fnormalized = (F/Fbaseline), Where Fbaseline
represents the average calcium intensity of the first 150 s. Local calcium (PKC-C2) was
calculated for each frame using the formula, F = (Ffiare — Foackground) and normalized to a
baseline of 1, where Fuaseline represents the average calcium intensity of first 100 s and
Fbackground represents the cytoplasmic C2 intensity measured using an ROI of same size.
An average of three independent measurements of calcium dynamics at each Rho flare
was considered one data point (n=1).

For accurate measurement of calcium flash dynamics using the cytoplasmic
soluble calcium probe (GCaMP6m), Rho flares were selected from cells that exhibited
an isolated Rho flare that was not interrupted by a multicellular travelling calcium wave
for 500 s prior to and after the initiation of Rho flares.

Intensity and duration of Rho flares and ZO-1 were measured at the site of Rho
flares using a small circular ROl (GCaMP6m: 0.8 um; PKC-C2: 2.5 pm; and Fluozin-3:
2.2 um) and normalized to a nearby reference junction without Rho flares using ROI of
same size to account for photobleaching and drifting in the Z-plane. The increase in
Rho activity at the start of the Rho flare was aligned to time O s as previously described
(Stephenson et al., 2019), with the exception of Figure 2.3. For Figure 2.3, as calcium
chelation (BAPTA-AM + 2-APB) significantly reduced the intensity of Rho flares, we

adopted an alternate method to align time 0 s in the graph to the frame before the rapid
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decrease in ZO-1; the decrease in ZO-1 was defined as a 5% decrease in normalized
Z0O-1 intensity for at least 3 out of 4 consecutive frames.

Duration of calcium flash:

Duration of the calcium flash was quantified by measuring the full duration at half-
maximum (FDHM) of the individual normalized calcium flashes at sites of Rho flares.
FDHM (seconds) was measured manually by calculating the duration at 50% of the
maximum amplitude above the baseline of 1 on the ascent and descent of the calcium
transient. Experiments where calcium increased less than two-fold over the baseline
were eliminated from the analysis. FDHM was plotted in a scatter plot.

Area under the curve:

Area under the curve for active Rho flares and calcium flashes was quantified using
GraphPad Prism 9.0 by applying area under the curve (AUC) analysis of the individual
traces. AUC analysis was applied to all points in the peaks above the baseline of 1, and
peaks less than 10% of the increase from the baseline to the maximum Y-value were
ignored. Individual AUC values for each Rho flare or calcium flash were plotted in a
scatter plot.

Frequency of Rho flares:

Rho flare frequency was measured manually using Image J, by counting the number of
Rho flare occurrences at cell-cell junctions in the whole field of imaging from the start of
the time-lapse movie. Rho flares where the local active RhoA intensity increased and
was sustained at the junctions for a span of 4-5 frames (84 s-105 s) was included in the

analysis.
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Global barrier function:

Global barrier function was quantified by measuring the whole field intensity of Fluozin-3
signal, including junctional and cytoplasmic, over time using an ROI of 141.12x141.12
pm. Time O s represents the start of image acquisition, which began immediately
following mounting of the embryo injected with Fluozin-3 in 0.1x MMR containing 1 mM
ZnCl2. Each timepoint was measured, and baseline was normalized to 1 by dividing the
individual value by the average of the first 84 seconds.

Junction length:

Length of the cell-cell junction was quantified using ZO-1 as junctional marker. Using
Image J, a 0.3 um wide segmented line was drawn on the junction with Rho flares to
trace the junction from vertex-to-vertex. Length of the line was measured for every other
frame by manually advancing and adjusting the line to accommodate cell shape
changes through the time lapse movie. Each junction was measured in triplicate, and
baseline was normalized to 1 by dividing the individual value by the average of the first
6 data points.

Construction of kymographs:

Kymographs from vertex-to-vertex of a cell-cell junction were constructed as previously
described (Stephenson et al., 2019). Briefly, cell-cell junctions were digitized using ZO-1
as junctional marker. Each horizontal line in the kymograph was generated by
measuring the intensity of ZO-1 and active Rho using 0.75 um circular ROIs positioned
at points along the length of the cell-cell junction. Kymographs were constructed by

stacking and center aligning the horizontal lines from successive time frames.
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Apical cell perimeter:

Apical perimeter of the cell was quantified using ZO-1 to identify cell boundaries. Using
Image J, a segmented line was drawn to trace the boundary of the cells with a calcium
flash and neighboring cells without a calcium flash over time. The perimeter of the cell
was measured for every time point by manually adjusting the line to accommodate cell
shape changes. Change in apical perimeter was calculated by subtracting the current
perimeter from the initial perimeter (average perimeter over the first 3 time points).
Intensity of F-actin and P-MLC:

Junctional and cytoplasmic intensity of F-actin and P-MLC were quantified in Image J.
Junctional intensity was measured using a 2.07 um wide segmented line to trace a
bicellular junction (excluding vertices) and the matched cytoplasmic intensity was
measured using a 10.4 um circular ROI. Ratio of junctional/cytoplasmic F-actin or P-
MLC was calculated by dividing the intensity at the junction by the intensity in the
cytoplasm for each cell.

Statistical analysis:

Statistical analysis and standard error of the mean (S.E.M.) were calculated in
GraphPad Prism 9.0. Statistical analysis between two groups was measured using a
two-tailed, unpaired Mann-Whitney U test, with the exception of flare frequency and
intensity of actomyosin. The statistical significance of frequency of Rho flares was
measured using a two-tailed, paired Student’s t-test. Statistical significance of F-actin
and P-MLC intensity at the junctions and junction/cytoplasm ratio was measured using a

One-way ANOVA test.
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2.6 Supplemental figures
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Figure S 2.1: Dynamics of calcium flash and calcium waves in gastrula-stage Xenopus laevis epithelium.(A)
Live imaging of calcium (GCaMP6m, green) and ZO-1 (BFP-ZO-1, magenta) in the animal cap epithelium of gastrula-
stage Xenopus embryos. Calcium flash is short-lived and restricted to cell 1 and cell 2 (orange numbers). Time 0 s
represents the start of the calcium flash.

(B) Graphs showing change in cellular apical perimeter and calcium intensity in 4 different cells shown in A over time.
Cells experiencing calcium flash (cells 1 and 2) decrease in apical perimeter compared to control cells (cells 3 and 4).
(C-C’) Live imaging of calcium (GCaMP6m, green) and ZO-1 (BFP-ZO-1, magenta) in the animal cap epithelium of
gastrula-stage Xenopus embryos. Travelling calcium wave starts at time 0 s in region 1, propagates through regions
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2 and 3, and subsides in ~120 s. (C’) Graph showing the increase in calcium intensity over time in regions marked in
the first frame of C.

(D) Live imaging of calcium (GCaMP6m, green) and ZO-1 (BFP-ZO-1, magenta) showing a local calcium increase
(white arrows) in cells expressing a reduced amount of GCaMP6m. Time O s represents the start of the calcium
increase.

(E) Left: Cell view of embryo expressing calcium probe (GCaMP6m, green) and active Rho probe (mCherry-2xrGBD,
magenta). 5-pixel wide yellow arrow indicates the region used to generate the kymograph. Right: Kymograph shows
that cytosolic calcium increases locally at the site of the Rho flare. Individual images are shown using FIRE LUT.
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Figure S 2.2: Mechanosensitive calcium channel-mediated calcium influx is not required for baseline
junctional Rho activity or Rho activation at the contractile ring.(A) Live imaging of calcium (GCaMP6m, green)
and active Rho probe (mCherry-2xrGBD, magenta) in the animal cap epithelium of gastrula-stage Xenopus embryos
treated with 20 uyM BAPTA-AM in DMSO after vitelline removal. Montage shows recurring calcium waves within a
span of 500 s. First calcium wave starts at time 0 s, and second calcium wave starts at ~200 s.

(B) Live imaging of active Rho (mCherry-2xrGBD, magenta) in embryos treated with vehicle (water) or 12.5 uM
GsMTx4 (MSC inhibitor). Montage shows MSC inhibition does not affect Rho activity at the contractile ring, and cells
complete cytokinesis successfully. Blue asterisk indicates dividing cells. Time 0 s represents the start of contractile
ring formation.

(C-C’) Live imaging of ZO-1 (BFP-ZO-1, blue) and active Rho (mCherry-2xrGBD, magenta) in embryos treated with
vehicle (water) or 12.5 yM GsMTx4. (C’) Quantification shows that MSC inhibition does not significantly affect
baseline junctional RhoA activity at apical cell-cell junctions. Junctional intensity of active Rho and ZO-1 from paired
experiments are color matched. Error bars represent mean + S.E.M.; significance calculated using Wilcoxon
matched-pairs test; n=30 junctions, 6 experiments.
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Figure S 2.3: Sustained Rho flares are required for robust F-actin accumulation and successful
reinforcement of ZO-1.(A) Montage of a representative junction used to construct kymograph in Figure 2.5G (FIRE
LUT). Blocking MSCs with 12.5 uM GsMTx4 causes repeated increases in active Rho at the site of reduced ZO-1 at
time 231 s (first flare, white arrows) and 1260 s (second flare, yellow arrows). Note that ZO-1 is partially reinforced
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following the first flare but breaks at the same site prior to activation of second flare. Time 0 s represents the start of
kymograph in Figure 2.5G.

(B-C) Time-lapse images (FIRE LUT) of ZO-1 (BFP-ZO-1), F-actin (Lifeact-GFP), and active Rho (mCherry-2xrGBD)
in embryos treated with vehicle (water) or 12.5 uM GsMTx4. Blocking MSCs with 12.5 uM GsMTx4 causes reduced
F-actin accumulation (C, white arrows) at the site of Rho flares (C, yellow arrowheads) compared to vehicle control in
B. Note the robust F-actin accumulation (C, white arrowhead) scales with a higher intensity repeating Rho flare (C,
yellow arrow). Time 0 s represents the start of Rho flare.

(D-D”) Sum projection of fixed staining for P-MLC (anti-pMLC) and F-actin (Alexa Fluor 647 phalloidin) in embryos
treated with vehicle (water) or 12.5 yM GsMTx4. (D’) Quantification shows that MSC inhibition does not significantly
affect the junctional intensity of P-MLC and F-actin at cell-cell junctions compared to vehicle control. (D”) MSC
inhibition reduces the junction/cytoplasm ratio of P-MLC compared to vehicle, but does not affect the
junction/cytoplasm ratio for F-actin. Data points from paired experiments are color matched. Error bars represent
mean £ S.E.M.; significance calculated using One-way ANOVA test; n=45 junctions, 3 experiments.

(E) Line scan of P-MLC (green) and F-actin (magenta) across multiple junctions for representative image shown in D
(yellow boxes) shows that intensity and width of P-MLC and F-actin peaks at cell-cell junctions in GsMTx4-treated
embryos are comparable to vehicle controls.
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Chapter 3 Piezo1’s Role in Maintaining and Remodeling Epithelial Cell-Cell

Junctions

Contributions to this work are as follows:

Varadarajan.S.: conceptualized the study, developed the methodology, performed
experiments except Figure 3.6, wrote the original draft of the chapter

Wu. J.L. (undergraduate student, who | mentored): performed some experiments for
Figure 3.2 and Figure 3.6, analyzed data for Figure 3.1, Figure 3.2, and Figure 3.6

Misterovich. E.R. (recent UM graduate, who | supervised): analyzed data for Figure 3.3,
Figure 3.4, and Figure 3.6

Miller, A.L.: conceptualized the study, developed the methodology, acquired funding,
supervised the study, revised the chapter

3.1 Abstract

Proper barrier function of epithelial tissues requires epithelial cells to sense a range of
mechanical forces and respond by remodeling their cell-cell junctions. How tension is
sensed and transduced is an area of active research. Mechanosensitive calcium
channels (MSCs) are capable of sensing changes in mechanical tension and converting
the mechanical stimuli into biochemical signals. Previous work from our lab shows that
calcium influx mediated by MSCs is required to maintain proper barrier function in
epithelia. Here, we explore the localization and function of a MSC, Piezol, at cell-cell
junctions. Using the gastrula-stage Xenopus laevis epithelium, we found that Piezol
localizes to apical cell-cell junctions in a homogenous population as well as in bright

clusters along junctions. Piezol co-localizes with E-cadherin at adherens junctions

79



(AJs). Using fluorescence recovery after photobleaching (FRAP), we show that
junctional Piezol is highly dynamic with a mobile fraction of 79.17% + 1.73%,
comparable to the previously reported mobile fraction for E-cadherin at AJs. Further,
stimulation with extracellular ATP addition to increase actomyosin-mediated cellular
contraction decreased junctional Piezol without altering its mobility. Finally, knock down
of Piezol with an antisense morpholino increased the frequency of barrier leaks
associated with tight junction (TJ) breaks without compromising global barrier function,
possibly due to weakening of cell-cell junctions. These data suggest that Piezol is
important for strengthening epithelial cell-cell junctions in response to mechanical

tension.
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3.2 Introduction

Based on the results from my previous chapter, we know that calcium influx mediated
by MSCs is required to maintain an intact barrier in epithelium (Varadarajan et al.,
2021). However, the specific channel(s) involved in epithelial barrier regulation remain
unknown. In this chapter, | characterize the role of a MSC, Piezol, which is expressed
in epithelial cells and implicated in maintaining epithelial homeostasis, in maintaining
and remodeling epithelial cell-cell junctions.

MSCs are transmembrane proteins that detect mechanical force in cells and
allow calcium ions pass through the membrane (Ranade et al., 2015). Two eukaryotic
MSCs, Piezol and Piezo2, were identified in 2010 and were found to be expressed in
variety of tissues including bladder, colon, kidney, lung, and skin (Coste et al., 2010,
Coste et al., 2012, Xiao and Xu, 2010). Endogenous mechanosensation by Piezol is
required for epithelial homeostasis (Gudipaty et al.,, 2017, Eisenhoffer et al., 2012),
vascular development (Ranade et al., 2014), vascular physiology (Zhong et al., 2020,
Friedrich et al., 2019, Rode et al., 2017, Li et al., 2014), and neuronal differentiation
(Pathak et al., 2014), among other processes. Abnormal function of Piezol leads to
impaired development (Ranade et al., 2014), tumor formation (Gudipaty et al., 2017),
and inflammation (Bai et al., 2017). Thus, it is important to understand the functions of
Piezol during diverse biological processes.

In mammals, Piezol is ~2500 amino acids long with 38 predicted
transmembrane domains, and Piezol assembles into a homotrimer in the plasma
membrane to form a channel, consisting of a dynamic three bladed propeller with a

central pore (Wang et al., 2018, Saotome et al., 2018). Upon a mechanical stimulus that
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induces membrane stretch or a change in membrane curvature, Piezol senses a
change in membrane tension and allows the passage of calcium ions through the pore
module of the trimeric channel (Zhao et al., 2016, Wang et al., 2018). Piezol can
mediate a range of calcium signals, from local calcium flickers to whole-cell calcium
transients depending on the scale of the mechanical stimulus. For instance, Piezol
mediates local calcium increases observed naturally at focal adhesions or by
experimentally poking or pulling the membrane (Ellefsen et al., 2019, Shi et al., 2018).
Tissue stretching, tissue compression, and osmotic stress induce Piezol-dependent
whole-cell calcium transients (Coste et al.,, 2010, Ellefsen et al., 2019, Pathak et al.,
2014, Shi et al., 2018, Syeda et al., 2016, Cox et al., 2016, Luo et al., 2019). The scale
of Piezol activation thereby regulates the spatio-temporal dynamics of downstream
calcium signaling to regulate biological functions either locally or globally in a cell
(Canales Coutino and Mayor, 2021, Heisenberg, 2017, Nourse and Pathak, 2017).
Notably, Piezol is expressed in a number of epithelial cell types that experience
cell-scale tension generated by actomyosin forces and tissue-scale tension during their
physiological function including uroepithelial, alveolar, and colonic epithelial cells,
(Stewart and Davis, 2019, Miyamoto et al., 2014, Piddini, 2017). Functionally, Piezol is
required to regulate epithelial tissue homeostasis by balancing cell extrusion and cell
division, events that require rapid remodeling of cell-cell junctions (Eisenhoffer et al.,
2012, Gudipaty et al., 2017). Additionally, Piezol is highly expressed in uroepithelium,
where it mediates calcium influx into the cell in response to stretch (Miyamoto et al.,
2014). However, it is not known if the stretch-mediated calcium influx through Piezol

directly regulates the structure and function of epithelial cell-cell junctions.
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In epithelial cells, tight junctions (TJs) and adherens junctions (AJs), are coupled
to an underlying actomyosin array (Arnold et al., 2017, Higashi et al., 2019). These
apical cell-cell junctions are rapidly remodeled in response to mechanical forces to
maintain tissue structure and barrier function (Gomez et al., 2011, Varadarajan et al.,
2019, Stephenson et al.,, 2019). For instance, in response to global and local
mechanical stimuli, epithelial cells stabilize E-cadherin-mediated cell-cell adhesion,
thereby maintaining an intact barrier (Acharya et al., 2018, Acharya et al., 2017, Higashi
et al., 2016, Rosenblatt et al., 2001, Teo et al., 2020). Intracellular calcium signaling is
required for remodeling of TJ and regulating barrier function (Varadarajan et al., 2021,
Stuart et al., 1994, Bhat et al., 1993). Thus, it is of interest to understand if cell-cell
junctions are regulated by Piezol-mediated calcium signaling.

In this study, we use the gastrula-stage Xenopus laevis epithelium as a model
vertebrate epithelium to explore the localization, dynamics, and function of Piezol at
epithelial cell-cell junctions. Further, we investigate the mechanism by which Piezol

regulates epithelial barrier function.
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3.3 Results and Discussion

3.3.1 Piezol localizes to apical cell-cell junctions in the gastrula-stage Xenopus

epithelium

Piezol is enriched at cell-cell junctions and the endoplasmic reticulum in monolayers of
cultured epithelial cells (Gudipaty et al., 2017), but the expression and distribution of
endogenous Piezol in an intact epithelium experiencing tissue scale forces is not
known. Thus, we characterized the localization of Piezol in the epithelium of gastrula-
stage Xenopus laevis embryos. In order to evaluate the endogenous expression and
localization of Piezol, we immunostained gastrula-stage embryos expressing a
membrane marker (mCherry-Farnesyl) with a Piezol antibody and DNA stain (DAPI).
We found that endogenous Piezol is expressed in the gastrula-stage epithelium and is
enriched at cell-cell junctions (Figure 3.1, A and B). Upon comparing the intensity of
Piezol at bicellular junctions and tricellular junctions, which are known to be sites of
increased tension (Higashi and Miller, 2017), we found that the distribution of Piezol is
comparable between the two sites (Figure 3.1 C), suggesting that this level of tension
difference does not detectably affect Piezol localization.

Piezol is a transmembrane protein that localizes to plasma membrane in various
cells, including red blood cells, fibroblasts, endothelial cells, and neural stem cells
(Coste et al., 2010, Zarychanski et al., 2012, Ellefsen et al., 2019). To test whether
Piezol localization exhibits apicobasal polarization similar to junctional proteins or
homogenous localization along the apical-basal length of the junctions, we co-
immunostained gastrula-stage embryos with antibodies for Piezol and the TJ protein

Z0O-1. Piezol generally localizes to apical cell-cell junctions near ZO-1, rather than
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basolateral cell-cell junctions (Figure 1D). Interestingly, a non-junctional population of
Piezol formed clusters in the medial apical area of the cell and in the cytoplasm (bright
green puncta, Figure 3.1 D).

To knock down (KD) Piezol, we injected a translation blocking Piezol
morpholino (MO) targeting the 5’ untranslated region (UTR) of Piezol.S. We decided to
target the Piezol.S alloalele, as mRNA of the Piezol.S. alloallele is expressed ~2-20
fold more than the Piezol.L alloallelle during the early stages of Xenopus laevis
development (Session et al., 2016). Injection of Piezol MO significantly decreased the
intensity of endogenous Piezol at cell-cell junctions to 49.84% + 7.90% compared to
controls (Figure 3.1, E and E’). Additionally, we observed that the Piezo1 KD cells were
larger in size compared to controls (membrane, Figure 3.1 E), but did not display
multinucleation (DAPI stain, Figure 3.1 E). Taken together, our results show that Piezol
is expressed in the gastrula-stage epithelium and localizes to apical cell-cell junctions.
Additionally, our results show that Piezol KD cells are larger, suggesting a role for

Piezol in regulating cell size.
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Figure 3.1: Piezol localizes to apical cell-cell junctions in the gastrula-stage Xenopus epithelium

(A) Immunostaining of endogenous Piezol (anti-Piezol, green), membrane (anti-mCherry, magenta) and DNA
(DAPI, blue) in the animal cap epithelium of gastrula-stage Xenopus laevis embryos expressing membrane probe
(mCherry-Farnesyl). Stacked projections show endogenous Piezol localizes to cell-cell junctions in the Xenopus
epithelium.
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(B) Graph of relative intensity of Piezol (green) and membrane (magenta) at cell-cell junctions. Averaged line scans
across the cell-cell junction and cytoplasm on either side of the junction show that the intensity of Piezol is increased
at cell-cell junctions. Vertical line represents center of the cell-cell junction, and error bars represent S.D. n=10
junctions, 10 embryos, 3 experiments.

(C) Graph of intensity of Piezol at bicellular junctions and tricellular junctions in the animal cap epithelium of gastrula-
stage Xenopus laevis embryos expressing membrane probe (mCherry-Farnesyl). Graph shows that the Piezol
intensity at bicellular junctions is comparable to the intensity at tricellular junctions. Error bars represent mean *
S.E.M.; significance calculated using t-test with Welch’s correction. n= 30 junctions, 8 embryos, 3 experiments.

(D) Immunostaining of Piezol (anti-Piezol, green), TJ protein (anti-ZO-1, magenta), and DNA (DAPI, blue) in
gastrula-stage Xenopus epithelial cells. Stacked projections (sum) show Piezol intensity is higher at apical cell-cell
junctions (top) marked by ZO-1 compared to basolateral cell-cell junctions (middle). (Right) Schematic specifies the
region along the Z-axis used to make stacked projections.

(E-E’) Immunostaining of embryos injected with membrane probe with or without Piezo1 MO targeting the Piezo1.S
alloallele. Gastrula-stage embryos immunostained for Piezo-1 (anti-Piezol, green), membrane (anti-mCherry,
magenta), and DNA (DAPI, blue). (E’) Graph shows endogenous Piezo1 is reduced at cell-cell junctions in Piezol
MO injected embryos (Piezol KD) compared to controls. Error bars represent mean = S.E.M.; significance calculated
using t-test with Welch'’s correction. n= 40 junctions, 10 embryos, 3 experiments.

3.3.2 Piezol localizes to adherens junctions in the gastrula-stage Xenopus

epithelium

In the vertebrate apical junctional complex, TJs are localized most apically, and AJs are
localized basal to TJs. To examine the precise localization of Piezol at apical cell-cell
junctions, we co-expressed eGFP-tagged Piezol along with a TJ protein (tagBFP-ZO-
1), and AJ proteins (PLEKHA-7-mCherry or E-Cadherin-3xmCherry) in gastrula-stage
Xenopus epithelial cells. We observed that eGFP-Piezol localized to cell-cell junctions
(green, Figure 3.2 A), consistent with the localization of endogenous Piezol. Co-
expression of eGFP-Piezol with BFP-ZO-1, shows that Piezol (green, Figure 3.2 A)
localizes basal to the level of the TJ (magenta, Figure 3.2 A). Quantification of
fluorescence intensity along the Z-axis using an approach previously developed in our
lab (Higashi et al., 2019) shows that the peak intensity of Piezol is ~1-1.5 um basal to
the ZO-1 peak (2 um) (Figure 3.2 A’), demonstrating that Piezol is not enriched at TJs.
Next, upon co-expression of Piezol with the AJ proteins (PLEKHA-7 or E-Cadherin), we
found that Piezol partially co-localizes with PLEKHA-7 (Figure 3.2, B and B’), and

strongly co-localizes with E-cadherin (Figure 3.2, C and C’). Unlike E-cadherin,
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PLEKHA-7 is an AJ protein that localizes specifically to the ZA (Zonula adhaerens) and
not to the basolateral region of AJs (Pulimeno et al.,, 2010). Thus, Piezol is not
restricted to the ZA, but spans the junction laterally similar to E-Cadherin. Though the
peak of Piezol (3-3.5 um) is basal to the peak of E-Cadherin (2.5 um), a significant
fraction of Piezol signal overlaps with AJ, ZA and TJ. The box and whisker plot of
Piezol distribution shows that, ~95-98% is at AJ, ~77% is at ZA, and ~40% is at TJ
(Figure 3.2, D and D’). Together, our results show that Piezol localizes to apical cell-
cell junctions, with enrichment at the AJ. Consistent with our data, recent work using
immunoprecipitation experiments shows that Piezol interacts directly with E-Cadherin

in MDCK cells (Wang et al., 2020).
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Figure 3.2: Piezo1l localizes to adherens junction in gastrula-stage Xenopus epithelium

(A-C) Localization of Piezol with TJ (A) and AJ (B-C) proteins in gastrula-stage Xenopus laevis embryos expressing
eGFP-Piezol together with tagBFP-ZO-1 (TJ marker, A), PLEKHA7-mCherry (ZA marker, B), or E-Cadherin-
3xmCherry (AJ marker, C). En-face views (left) of cell-cell junctions show Piezol localizes to cell-cell junctions and
side views (right) show Piezo-1 localizes to AJs.

(A’-C’) Graph shows the mean relative intensity of ZO-1 (tagBFP-ZO-1, magenta), PLEKHA7 (PLEKHA7-mCherry,
magenta), E-cadherin (E-cadherin-3xmCherry, magenta) with Piezol (eGFP-Piezol, green) and along the Z-axis at
cell-cell junctions. Piezol localizes to apical cell-cell junctions with strong localization to AJs (3-4 um) and weaker
localization to TJ (2 um). Vertical dotted lines indicate peak intensity of ZO-1 at 2 pum. Error bars represents S.D. n=
16 junctions, 4 embryos, 2 experiments.
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(D-D’) Box and whisker plot showing the intensity of E-cadherin (D) and Piezo1 (D’) along the Z-axis quantified from
C’. Graph shows the tight distribution of Piezol at AJ (3-4 um). Whiskers indicate the 5-95 percentile range of the
intensity values.

3.3.3 Junctional localization of Piezol is dependent on actomyosin-mediated

tension

We next asked if junctional localization of Piezol is influenced by tension at cell-cell
junctions. Because contractility of the apical actomyosin array alters the structure and
function of cell-cell junctions (Arnold et al., 2017), we examined whether localization of
Piezol is influenced by actomyosin-mediated tension. Although Piezol has been
proposed to differentially localize to the plasma membrane, nuclear envelope, or the
cytoplasm, depending on the crowding of epithelial cells (Gudipaty et al., 2017), its
dynamic localization in response to cell and tissue level forces remains unclear.
Extracellular ATP has been used to increase contractility in various cells and
tissues, including epithelial cells, endothelial cells, and cardiac muscle (Kim et al.,
2014). In Xenopus embryos, addition of extracellular ATP induces rapid contraction of
epithelial tissue, thereby reinforcing the connection of E-cadherin to the underlying
actomyosin array (Joshi and Davidson, 2010, Kim et al., 2014, Arnold et al., 2019,
Higashi et al., 2016). We treated embryos expressing eGFP-Piezol, tagBFP-ZO-1, and
mCherry-membrane with either control conditions (0.1x MMR) or 500 uM ATP (in 0.1x
MMR) for 10 minutes. Using confocal imaging, we observed that upon extracellular ATP
treatment, ZO-1 signal at TJs appeared “wavy” compared to relatively straight junctions
in control cells (Figure 3.3, A and A’), confirming that junctions are indeed under
increased tension in response to ATP. Interestingly, we found that the intensity of

Piezol appeared reduced at cell-cell junctions in response to ATP compared to control
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(blue LUT, Figure 3.3 A). With ATP treatment, Piezol junctional clusters seen in control
cells (yellow arrowhead, Figure 3.3 A’) were dramatically reduced, and the junctional
localization of Piezol appeared homogenous (Figure 3.3 A’).

To better understand if the change in the intensity of Piezol at junctions is due to
a change in the amount of membrane at junctions, we normalized eGFP-Piezol signal
to the mCherry-membrane signal (Figure 3.3 B). Consistent with our fixed staining
(Figure 3.1 A’), eGFP-Piezol was not significantly different between bicellular and
tricellular junctions in control cells (blue, Figure 3.3 B). However, following extracellular
ATP treament, Piezol was significantly reduced at both bicellular and tricellular
junctions compared to controls (magenta, Figure 3.3 B), suggesting that actomyosin-
mediated cellular contractility removes Piezol from the cell-cell junctions.

Next, we asked if the change in junctional tension leads to redistribution of
Piezol along the apical-basal axis of cell-cell junctions. Both, TJ and AJ
transmembrane proteins have been shown to diffuse laterally along the cell-cell junction
in response to cytoskeletal tension changes (Shen et al., 2008b). We found that Piezol
distribution along the Z-axis was comparable between control and ATP-treated embryos
(green, Figure 3.3, C and C’).

Taken together, our results show that Piezol localization at AJs is inversely
correlated with actomyosin-mediated junctional contraction: more Piezol is present at
junctions under lower tension, and less Piezol is present at junctions with increased
tension. Notably, we observed that the apical perimeter of the cells treated with
extracellular ATP was reduced compared to controls. We previously showed that ATP

treatment increases medial apical actomyosin, which apically constricts epithelial cells
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(Arnold et al., 2019). During apical constriction, excess membrane from the apical cell
surface is removed by endocytosis (Lee and Harland, 2010). Thus, the decrease in
Piezol at cell-cell junctions following ATP treatment might be caused by endocytosis of
the apical membrane.

Under baseline tension, Piezol has been shown to form clusters on the surface
of red blood cells and human neuronal stem cell progenitors at sites of actin
attachement to the membrane (Dumitru et al., 2021, Ellefsen et al., 2019). Additionally,
local calcium influx was observed at regions of Piezol clusters (Ellefsen et al., 2019),
suggesting that clustering of Piezol in the membrane might be a mechanism to amplify
local calcium influx mediated by Piezol. However, our data shows that with ATP
treatment Piezol clusters were dramatically reduced. Thus, it's possible that Piezo1
clusters are targeted for removal from the plasma membrane and degraded to dampen
the calcium influx that is induced by ATP treatment (data not shown). This hypothesis is
based on a recent finding that degradation of Piezol via the proteosome is a
mechanism by which endothelial cells turn off calcium influx following application of

long-term stretch (30 minutes) (Miroshnikova et al., 2021).
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Figure 3.3: Junctional localization of Piezol is dependent on actomyosin-mediated tension

(A-A’) Sum projection of embryos expressing BFP-ZO-1, eGFP-Piezol, and membrane probe (mCherry-membrane)
shown in LUT. Embryos were treated with either control condition (0.1x MMR, baseline tension) or 500 uM ATP (in
0.1x MMR, increased junction tension) for 10 minutes prior to imaging. (A) Increased tension changed the localization
of Piezol and ZO-1 along the cell-cell junctions. (A’) Zoomed in views of junctions highlighted in A (white boxes). In
control embryos, Piezol localizes as clusters along the length of the junction (indicated by yellow arrowheads). When
tension is increased with ATP treatment, Piezol distributes evenly along the length of the cell-cell junction compared

to controls.

(B) Quantification of experiments shown in (A) along the length of bicellular junctions and at tricellular junctions. (Left)
Graph of relative intensity of Piezol shows no significant difference at bicellular and tricellular junctions under
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baseline tension (blue circles). Increased tension with ATP treatment reduces Piezol intensity at both bicellular and
tricellular junctions (magenta squares) compared to control. Error bars represent mean + S.E.M.; significance
calculated using One-way ANOVA. n= 40 junctions, 8 embryos, 2 experiments. (Right) Schematic showing regions of
interest (ROIs) used to quantify intensity at the bicellular and tricellular junctions.

(C-C’) Graphs show the mean relative intensity of Piezo1 (eGFP-Piezol, green), and ZO-1 (tagBFP-ZO-1, magenta)
along the Z-axis at cell-cell junctions under baseline and increased tension. Distribution of Piezol along the Z-axis
under increased tension (ATP) is comparable to baseline tension (control). Vertical dotted line indicates peak
intensity of ZO-1 at 2 um. Error bars represents S.D. Control: n= 12 junctions, 4 embryos, 1 experiment; ATP: n= 16
junctions, 4 embryos, 1 experiment.

3.3.4 High mobility of junctional Piezol is independent of actomyosin-mediated

tension

Time-lapse imaging of eGFP-Piezol demonstrated that Piezol clusters observed at
cell-cell junctions and in the cytoplasm are highly dynamic (data not shown). Using Total
Internal Reflection Fluorescence (TIRF) microscopy, previous work showed that Piezol
clusters at the plasma membrane of neuronal stem cells exhibited decreased mobility at
focal adhesions, sites where actomyosin is connected to the plasma membrane
(Ellefsen et al., 2019). Therefore, we next examined the mobility of Piezol at AJs by
fluorescence recovery after photobleaching (FRAP) of eGFP-Piezol. Our results show
that the majority of Piezol at AJs exchanges with a mobile fraction of 79.17% + 1.73%
(Figure 3.4, A-C) via a rapid two-phase recovery (fast ti2 of 4.51 + 2.08s, slow ti2 of
50.1 + 9.4s) (Figure 3.4, D and D’). Our FRAP results for Piezol are comparable to the
mobility and exchange of E-cadherin in the same tissue (mobile fraction: 73.2%-80.5%,
slow ti2: 49.5 £ 9.9 s) (Higashi et al., 2016). Furthermore, junctional E-cadherin has
been shown to form nano-clusters (Truong Quang et al., 2013) similar to the Piezol
clusters we observed in this study. Together, these data along with our localization data
support the idea that Piezol might directly interact with E-cadherin or be part of an E-

cadherin-associated complex.
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Since both E-cadherin and ZO-1 are stabilized at cell-cell junctions in response
to increased cytoskeletal-mediated tension (Higashi et al., 2016, Yu et al., 2010), we
next tested if the mobility of Piezol is altered by increased tension. We found that in
ATP-treated embryos, the mobile fraction (75.02% + 1.71%, Figure 3.4, B and C) and
ti2 of Piezol (fast tu2 of 4.56 + 3.88 s, slow ti2 of 49.57 + 8.11 s, Figure 3.4, D and D’)
was unchanged compared to controls. Thus, although ATP-mediated cytoskeletal
tension does reduce the amount of Piezol at cell-cell junctions, it does not alter the
mobility or exchange rate of remaining Piezol at AJs, suggesting that the high mobility
of Piezol at AJs is independent of actomyosin-mediated tension.

Given that activation of Piezol is dependent on the direction of mechanical force
(Gaub and Miiller, 2017), and Piezol reacts differently to compressive versus tensile
forces (Gudipaty et al., 2017), it is possible that ATP-mediated radial tension acting
perpendicular to the cell-cell junction (Arnold et al., 2019) might not have an effect on
the mobility of Piezol. Thus, further studies are required to determine if Piezol
localization or mobility is influenced by actomyosin-mediated tension generated by
tensile stress that increases actomyosin-mediated tension in plane with the junctions.
Previous studies have shown that tensile stress induced by the small molecule calyculin
A, which inhibits myosin phosphatase (Higashi et al., 2016, Acharya et al., 2017), or
uniaxial stretching of epithelial cells (Nestor-Bergmann et al., 2019, Acharya et al.,
2018), increases tension along the length of the junctions. Thus, testing the mobility and

localization of Piezol with these methods would be of great interest for future studies.
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Figure 3.4: Piezolis a highly dynamic at the apical cell-cell junctions

(A) Time-lapse images and kymograph of eGFP-Piezol FRAP (FIRE LUT) at apical cell-cell junctions in embryos
treated with either control condition (0.1x MMR, baseline tension) or 500 uM ATP (in 0.1x MMR, increased junction
tension) for 10 minutes prior to imaging. (Top) Montage of Piezol FRAP shows that Piezol recovers rapidly. Green
dotted circle represents bleached area, and white line represents the region used to construct kymograph. (Bottom)
Kymograph shows rapid recovery of Piezol in control and ATP-treated conditions.

(B) A double exponential curve fitted to eGFP-Piezol FRAP under baseline (control, green) and increased tension
(ATP, magenta). Points indicate the average, and bars represent the S.E.M. Control: n= 14 junctions, 14 embryos, 2
experiments; ATP: n= 12 junctions, 12 embryos, 2 experiments.

(C-D’) Graph of mobile fraction (C), fast half-time of recovery (t12) (D), and slow ti2 (D’) of eGFP-Piezol calculated
from the double exponential curves in (B). Graphs show that Piezol is a highly dynamic protein at apical cell-cell
junctions. Error bars represent mean + S.E.M.; significance calculated using t-test with Welch’s correction.

3.3.5 Piezol is required to maintain the integrity of cell-cell junctions

Based on our results that Piezol localizes to apical cell-cell junctions and the recent

finding that MSC-mediated calcium influx is required to maintain epithelial barrier
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function (Varadarajan et al., 2021), we next asked if Piezol regulates epithelial barrier
function. To test the importance of Piezol in regulating barrier function, we performed a
highly-sensitive live imaging barrier assay (ZnUMBA), which can detect local, transient
leaks in the barrier and can assess the global integrity of the epithelial barrier. With
ZNUMBA, leaks in the barrier are detected in real time when the fluorescent dye
Fluozin-3 comes in contact with Zn**, thereby increasing in fluorescence intensity
(Stephenson et al., 2019). Using ZnUMBA, we found no significant increase in the
whole-field intensity of Fluozin-3 over time between control and Piezol KD embryos
(orange, Figure 3.5 A). This suggests that the global barrier function of the epithelium is
intact in Piezol KD embryos. However, we noticed that the frequency of local barrier
leaks was increased in Piezol KD embryos (data not shown). As local barrier leaks
were followed by Rho flares in control and Piezol KD embryos, we used Rho flares as
an indicator of sites of local leaks (Stephenson et al., 2019), and constructed a time
projection of Rho flares. In agreement with increased barrier leaks, we observed that
the frequency of Rho flares was significantly higher in Piezol KD embryos compared to
controls (Figure 3.5 B).

The increased frequency of Rho flares in Piezol KD embryos could be due to
changes in junctional actomyosin, which weaken apical cell-cell junctions and increase
the number of leak sites, or it could be due to repeated activation of Rho flares at a
limited number of leak sites in repeated attempts to fix TJ breaks.

To assess if the local TJ breaks were repaired when Piezol is KD, we imaged
cells expressing tagBFP-ZO-1 and probe for active Rho (mCherry-2xrGBD) in control

and Piezol KD embryos. We found that in Piezol KD cells, Rho flares (Figure 3.5 C’,
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time 0s) were initiated at sites of ZO-1 loss, and following the activation of Rho flares,
Z0-1 was reinforced (Figure 3.5 C’, time 100 s) at levels comparable to controls (Figure
3.5 C), suggesting that Piezol is not required for local repair of TJ breaks and barrier
leaks. However, we found that in Piezol KD cells, Rho flares were significantly bigger in
size compared to controls (active Rho, Figure 3.5, C and C’), suggesting that Piezo1 KD
might be altering junctional and tissue-level tension. Larger Rho flares could be a result

of reduced tissue level tension due to alteration of junctional and/or cortical actomyosin.
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Figure 3.5: Piezol is required to maintain the integrity of cell-cell junctions

(A) Graph of mean normalized intensity of whole-field FluoZin-3 for control and Piezol KD embryos. Global FluoZin-3
intensity over time stayed close to the baseline for both control and Piezol KD and was comparable between the two
groups. Shaded region represents S.E.M. Vehicle: n= 5 embryos, 4 experiments; Piezol KD: n= 7 embryos, 4
experiments.
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(B) Time projection of active RhoA shows increased frequency of Rho flares in Piezol KD embryos compared to
controls over the span of 1500s. Max projection of Rho flares occurring between time 0-525s, 525-1050s, and 1050-
1575s are shown in red, green and blue, respectively.

(C-C’) Time-lapse images (FIRE LUT) of ZO-1 (tagBFP-Z0O-1), and active Rho (mCherry-2xrGBD) in control (C) or
Piezo1 KD (C’) embryos. Rho flares are activated at the site of ZO-1 decrease (yellow arrow heads) in both control
and Piezol KD embryos. ZO-1 reinforcement was observed by time 100s in both control and Piezol KD embryos.
Time O s represents the start of Rho flares.

To test this idea, we next stained gastrula-stage control and Piezol KD embryos
for F-actin and P-MLC (phosphorylated non-muscle myosin Il light chain). We found that
the organization of junctional P-MLC was disrupted in Piezol KD embryos compared to
controls (magenta, Figure 3.6, A and A’), with no observable difference in F-actin
(green, Figure 3.6, A and A’). Specifically, we observed that the two-track localization of
P-MLC (a band on either side of the junction) seen in controls was lost in Piezol KD
embryos (magenta, Figure 3.6 A’). Further, quantification of the junctional to
cytoplasmic ratio of P-MLC and F-actin, shows that junctional:cytoplasmic ratio of P-
MLC is significantly reduced in Piezol KD compared to controls (Figure 6B), with no
change in F-actin (Figure 3.6 B’). This suggests that Piezo1 is required for proper
organization of non-muscle myosin Il (NMII) at cell-cell junctions. In sum, our results
suggest that Piezol regulates the integrity of cell-cell junctions by regulating the
distribution of junctional NMII.

Proper organization and activity of NMII is required for the stability of apical cell
junctions (Priya et al., 2015). Improper organization of NMII could be the result of nano-
scale disorganization of F-actin, which is not visible by the limited resolution of confocal
microscopy, or altered upstream activators of NMIl. MLC phosphorylation mediated by
Rho/ROCK or MLCK can alter apical actomyosin organization and thereby alter barrier
function (Nusrat et al., 1995; Clayburgh et al., 2004). Of note, both ROCK and MLCK

are activated by calcium/calmodulin (Lazar and Garcia, 1999, Uehata et al., 1997); thus,
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future studies should test if Piezol-mediated barrier regulation is dependent on

Rho/ROCK or MLCK.
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Figure 3.6: Piezol regulates the distribution of junctional NMII

(A-A’) Fixed staining of P-MLC and F-actin using anti-P-MLC and Phalloidin respectively, in control and Piezol KD
embryos. Representative images of P-MLC (magenta) and F-actin (green) shows that Piezol KD reduces P-MLC at
cell-cell junctions compared to control without affecting junctional F-actin. (A’) Zoomed in view of regions highlighted
in A (white boxes). In Piezol KD, prominent P-MLC track-like organization on either side of junctional F-actin is
reduced or lost compared to control embryos.

(B-B’) Graph shows the ratio of P-MLC (B) or F-actin (B’) at cell-cell junctions to the cytoplasm in control (circles) and
Piezol KD (triangle) embryos. Junction to cytoplasm ration of P-MLC is reduced in Piezol KD embryos vs. control
embryos, with no significant difference in F-actin. Error bars represent mean + S.E.M.; significance calculated using
One-way ANOVA. Data from independent experiments are color-matched. For P-MLC, Control: n= 38 junctions, 3
experiments and Piezol KD: n= 38 junctions, 3 experiments. For F-actin, Control: n= 40 junctions, 3 experiments and
Piezol KD: n= 40 junctions, 3 experiments.
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3.4 Conclusion

Prior to our work, Piezol had been shown to localize to epithelial cell-cell junctions and
regulate tissue homeostasis by regulating cell extrusion and cell division (Gudipaty et
al., 2017, Eisenhoffer et al., 2012). Our study suggests that Piezol also regulates the
integrity of epithelial cell-cell junctions when epithelial tissues are subjected to
mechanical stimuli like tensile stress. We propose that Piezol alters E-cadherin-
mediated cell-cell adhesion to strengthen cell-cell junctions in response to tensile stress.
In support of our hypotheis, recent work has shown that E-cadherin increases at AJs in
response to tensile stress (Acharya et al., 2018), and Piezol interacts directly with E-
Cadherin in MDCK cells (Wang et al., 2020). Though it has been proposed that Piezol
activation is mediated by lipid bilayer tension (Syeda et al., 2016, Cox et al., 2016),
interaction of Piezol with E-cadherin might be a mechanism by which Piezol is
regulated by actomyosin-generated tensile forces in the epithelium. If true, this suggests
that crosstalk between mechanosensitive calcium channels and cell-cell junctions may
help maintain the integrity of epithelia during mechanical stretch caused by
physiological and pathophysiological events including filling and voiding of the urinary

bladder, expansion of the lungs, mucosal wound healing, and cancer cell metastasis.
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3.5 Future directions

Work presented in this chapter is ongoing research and | propose carrying out the
following experiments in the future. First, to assess the effect of Piezol on the integrity
of cell-cell junctions, | will immunostain for TJ (ZO-1) and AJ (E-Cadherin) proteins in
control and Piezol KD embryos. Additionally, | will increase the tensile stress in the
epithelium by treating embryos with CalA or applying uniaxial stretch to explants using a
tissue stretcher to quantify the localization and exchange rate of junctional Piezol under
increased tension in plane with the junctions. Further, to assess if Piezol-mediated
calcium influx is required for dynamic remodeling of cell-cell junctions in response to
tensile stress, | will assess the dynamics of intracellular calcium signaling and the
localization and dynamics of TJ and AJ proteins in control and Piezol KD embryos.
Together, these experiments will help us directly test our hypothesis that Piezol alters
E-cadherin-mediated cell-cell adhesion to strengthen cell-cell junctions in response to

tensile stress.

103



3.6 Materials and Methods

DNA constructs, mRNA preparation and Piezol morpholino:

pCS2+/eGFP-Piezol was generated by PCR amplifying the eGFP-Piezol sequence
from pcDNA3.1-eGFP-mousePiezo1 (gift from Ardem Patapoutian’s lab) and ligating it
into the BstBIl and Xbal sites in pCS2+ vector. A point mutation at nucleotide 3354 C-T
was corrected using site-directed mutagenesis kit and verified by sequencing.
pCS2+/PLEKHA-7-mCherry (Higashi et al.,, 2019), pCS2+/E-Cadherin-3xmCherry
(Higashi et al., 2016), pCS2+/mCherry-2xrGBD (probe for active Rho (Davenport et al.,
2016)), pCS2+/BFP-ZO-1 (human ZO-1 (Stephenson et al., 2019)), and pCS2+/BFP-
membrane (probe for membrane (Higashi et al., 2016)) were previously reported. All
plasmid DNA were linearized with Notl, except for eGFP-Piezol which was linearized
using Nsil, and BFP-ZO-1 which was linearized using Kpnl. mRNA was in vitro
transcribed from linearized pCS2+ plasmids using the mMessage mMachine SP6
Transcription kit (Ambion) and purified using the RNeasy Mini kit (Qiagen). Transcript
size was verified on 1% agarose gels containing 0.05% bleach and Millennium RNA
markers (Invitrogen). Translation blocking morpholino to knock down Piezol was
designed by Gene Tools to target the 5’UTR of the Piezol.S. alloallele with the
sequence: 5’- GATGTCACTAACTGTGCAGCTCTGA-3'.

Xenopus embryos and microinjection:

All studies conducted using Xenopus laevis embryos strictly adhered to the compliance
standards of the U.S. Department of Health and Human Services Guide for the Care
and Use of Laboratory Animals and were approved by the University of Michigan

Institutional Animal Care and Use Committee (IACUC). Eggs from Xenopus laevis were
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collected, in-vitro fertilized and dejellied as previously reported (Woolner et al., 2009,
Miller and Bement, 2009). Dejellied embryos were stored at 15°C in 0.1x Mark’s
Modified Ringers solution (MMR) containing 10 mM NaCl, 0.2 mM KCI, 0.2 mM CaClz,
0.1 mM MgClz, and 0.5 mM HEPES, pH 7.4. Embryos were microinjected in the animal
hemisphere with mRNA either twice per cell at two-cell or once per cell at four-cell
stage. Injected embryos were allowed to develop to gastrula stage (Nieuwkoop and
Faber stage 10.5-12) at 15°C or 17°C. Amounts of mMRNA per 5nl of microinjection
volume were as follows: eGFP-Piezol, 100 pg; BFP-ZO-1, 50 pg; PLEKHA-7-mCherry,
25 pg; E-Cadherin-3xmCherry, 20 pg; mCherry-2xrGBD, 50 pg; and BFP-membrane,
12.5 pg.

Immunostaining:

For immunostaining of endogenous Piezol and ZO-1, albino embryos were injected at
the twoo-cell stage with water (control) or 2.5 mM Piezol MO along with mRNA for
mCherry-Farnesyl (membrane probe) as a lineage tracer and allowed to develop at
15°C overnight. Gastrula-stage embryos were fixed using tricholoroacetic acid (TCA)
fixative as reported previously (Reyes et al., 2014) and immunostained. Briefly, embryos
were fixed for 2 hours at room temperature (RT) in TCA fixative (2%TCA in 1x Phospho-
buffered Saline (PBS)), with gentle shaking for even fixation. Fixed embryos were
washed thrice with 1x PBS and bisected with a sharp scalpel to remove the vegetal
hemisphere. Bisected animal caps were permeabilized for 20 minutes at RT in a mix of
1% Triton X-100 in 1x PBS followed by a 20-minute incubation in 0.01% Triton X-100 in
1x PBS. Permeabilized embryos were blocked overnight at 4°C in blocking solution (5%

Fetal bovine serum (FBS), and 0.01% Triton X-100 in 1x PBS) with shaking. After
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blocking, animal caps were incubated in primary antibodies in blocking solution
overnight at 4°C. After four washes (5 min, 15 min, 2 h, and overnight), animal caps
were incubated in secondary antibodies in blocking solution overnight at 4°C. Animal
caps were stained for DNA using 10 pg/ml DAPI (Invitrogen, # D1306) for 30 minutes at
RT, washed and mounted in VECTASHIELD (VWR, # 101098-042) for imaging. For F-
actin and P-MLC, immunostaining was performed as described previously (Varadarajan
et al., 2021).

Primary antibodies used for immunostaining were anti-Piezol (1:200, Novus, # NBP1-
78537), anti-ZO-1 (1:500, T8-754, a gift from Dr. Masahiko Itoh), and anti-mCherry
(1:200, Abcam, # abl125096). Secondary antibodies used were anti-rabbit Alexa
488 IgG (1:200, Thermo Fisher Scientific, # A11008) and anti-mouse Alexa Fluor 568
IgG (1:200, # A11004).

Barrier assay:

Zinc-based Ultrasensitive Microscopic Barrier Assay (ZnUMBA) was performed as
previously reported (Stephenson et al., 2019) in gastrula-stage albino embryos
expressing mCherry-2xrGBD and BFP-ZO-1.

Fluorescence recovery after photobleaching (FRAP):

FRAP of Piezol was performed using a 405-nm laser in the below-mentioned
microscope. Piezol at cell-cell junctions was bleached using a circular region of interest
(ROI, 3.6 x 3.6 um) with a laser power of 50% for 800 ms. Following photobleach,
recovery of Piezol signal was determined by acquiring time-lapse images at the level of
AJs at an 8 ps/pixel scanning speed, 3 s time interval, and 2x zoom.

Microscope image acquisition:
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Live and fixed imaging of gastrula-stage Xenopus laevis embryos were performed on an
inverted Olympus Fluoview 1000 Laser Scanning Confocal Microscope equipped with a
60X supercorrected Plan Apo N 60XOSC objective (numerical aperture (NA) = 1.4,
working distance = 0.12 mm) using mFV10-ASW software as previously described
(Reyes et al.,, 2014). Three-channel imaging (blue, green, and red) was acquired
sequentially by line scanning to avoid bleed through between channels.

Z-stacks of live and fixed imaging of Piezol were acquired at 8 ps/pixel scanning speed
and 2x zoom. For ZnUMBA, 8 apical Z-planes were acquired at an 8 ps/pixel scanning
speed, 21 s time interval, and 1.5x zoom. For figure 5C, live imaging of BFP-ZO-1 and
Rho flares was imaged by scanning the top 8 apical Z-planes with a step size of 0.5 um
at 4 us/pixel scanning speed, 10 s time interval, and 2x zoom.

Image processing, figure preparation and statistical analysis:

Image processing and analysis were performed using Imaged (Fiji) and Volocity
(PerkinElmer). Sum intensity projection of the Z-stacks was used for all quantification: Z
projections (X-Z or Y-Z) were generated using Volocity. Figures 3 and 6 were made
using the QuickFigures plugin in ImageJ (Mazo, 2020). Statistical analysis, standard
deviation (S.D.), and standard error of the mean (S.E.M.) were calculated in GraphPad
Prism 9.0.

Time projections of Rho flares:

Time projections of Rho flares were generated using max projections in ImageJ as
described previously (Reyes et al., 2014). Flares from time 0-525 s were color coded

red, 525-1050 s were color coded green, and 1050-1575 s were color coded blue.
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Individual time interval max projections were merged to display the number and
distribution of Rho flares over time.

Global barrier function:

Global barrier function was quantified by measuring the whole field intensity of Fluozin-3
signal, including junctional and cytoplasmic signal, over time. Time O s represents the
start of the movie, immediately following mounting of the embryo injected with Fluozin-3
in 0.1x MMR containing 1 mM ZnCl2. Each timepoint was measured, and baseline was
normalized to 1 by dividing the individual value by the average of the first 84 seconds.
FRAP analysis:

FRAP analysis was performed in ImageJ as previously reported (Higashi et al., 2016),
with following exceptions. A circular ROI of 0.9 um was used to measure the intensity of
eGFP-Piezol at the site of bleach and a nearby reference junction (unbleached). Each
measurement was repeated 3 times both at the bleach area and the reference junction
and the average considered n=1. Average intensity data was fitted using a double
exponential curve in GraphPad to derive the t1/2 (slow and fast) and mobile fraction of
Piezol. Curves were fitted using the following constraints: plateau must be less that 1
and YO must be equal to 0. All data points below 0 and above 1 were eliminated from
analysis.

Intensity of Piezol at cell-cell junctions:

Intensity of Piezol and membrane probe at cell-cell junctions was quantified using
Imaged. Intensity at cell-cell junctions was measured using a 1.64 um wide segmented

line to trace the junction from one vertex to another.
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For quantifying Piezol at bicellular and tricellular junctions, intensity at bicellular
junctions was measured using a 1.64 um wide segmented line to trace the junction
(excluding vertices), and intensity at tricellular junctions was measured using a 2.957
pm wide circular ROI. Junctions slanted in the Z-direction and junctions of dividing cells
were excluded from the analysis. Normalized intensity of Piezol was calculated by
dividing the intensity of Piezol by the intensity of the membrane probe for the
respective junctions.

Line scan of Piezol at cell-cell junctions:

Using ImageJ, a straight line of 12 pm length and 1.64 pm width was drawn
perpendicular to the junction such that the center of the line is at the junction and the
ends of the line are in the cytoplasm. Intensity of Piezol and membrane probe was
measured using Plot profile. Individual values were normalized to the average of the
first 5 and last 5 intensity values along the length of the line for the respective channels.
Z-localization quantification:

Z-localization of Piezol, ZO-1, PLEKHA-7 and E-Cadherin was quantified as previously
reported (Higashi et al., 2019). Relative intensity of the proteins along the Z-axis of cell-
cell junctions were aligned such that the maximum intensity of ZO-1 of individual

junctions is at 2 um from the apical plane.
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Chapter 4 Conclusion

In this dissertation, | have demonstrated that mechanosensitive calcium signaling is an
important feature by which vertebrate epithelial cells sense and respond to mechanical
cues to regulate barrier function. In Chapter 2, | found a local calcium increase occurs at
the site of barrier leaks in response to elongating cell-cell junctions. Further, 1 showed
that mechanosensitive calcium channel- (MSC-) mediated calcium signaling is required
for robust activation of Rho flares to efficiently reinforce tight junctions (TJs) at sites of
barrier breaches, thereby maintaining global barrier function. In Chapter 3, | showed
that a eukaryotic MSC, Piezol, localizes to adherens junctions (AJs), and regulates
barrier function during cell-generated tensile stress possibly by strengthening cell-cell
adhesion. However, many unanswered questions remain about calcium-mediated
spatio-temporal regulation of small Rho GTPases, calcium-mediated remodeling of cell-
cell junctions, mechanical stimuli that activate MSCs at cell-cell junctions, the role of
AJs in reqgulating barrier function, and the potential for MSC-dependent
mechanotransduction during inflammation and wound healing. Throughout this

conclusion chapter, | will discuss potential future directions of my findings.

4.1 Calcium-mediated regulation of Rho flares

Prior to my work, studies had correlated intracellular calcium increase and RhoA

activation during cell migration in epithelial and endothelial cells (Haws et al., 2016,
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Canales Coutino and Mayor, 2021). Often, the techniques used to study this relation
were indirect measurements of RhoA activity using formation of actin stress fibers,
phosphorylation status of p-MLC, and kinase activity of ROCK, or using a whole cell
GST-pull down assay for active RhoA. Though these techniques reveal changes in
RhoA activity at a given timepoint and in a global fashion, small transient changes in
Rho activity driven by dynamic events are not captured. Given the breadth of calcium-
mediated signaling pathways dependent on the amplitude and spread of calcium, it is
important to study calcium/RhoA signaling with high spatio-temporal resolution to
understand the mechanism.

In Chapter 2, | showed that intracellular calcium increase precedes Rho flares at
sites of barrier leaks (Figure 2.2). Further, chelation of intracellular calcium and blocking
mechanosensitive calcium significantly reduced the intensity and duration of Rho flare
activation, showing that calcium modulates RhoA activity in this process. However,
despite the observation that calcium rapidly spreads throughout the cell, Rho flares are
spatially confined to the site of paracellular leaks (Figure 2.1 and Figure 2.2). This
suggests that calcium may regulate RhoA activity indirectly through modulators of RhoA
— Rho GEFs or Rho GAPs — not by direct regulation of RhoA. In this section, | will
discuss possible mechanisms by which calcium may regulate activation and dynamics
of Rho flares via Rho GEFs, modulating membrane lipid composition, and crosstalk

between small GTPases.

4.1.1 Calcium-mediated phosphorylation of RhoGEFs

Interestingly, several members of the regulator of G protein signaling (RGS) family of

Rho GEFs that have been implicated in regulation of cell-cell junctions including
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p1l15RhoGEF, LARG, Lbc-RhoGEF, and PDZ-RhoGEF, are regulated by intracellular
calcium in endothelial cells stimulated with extracellular signaling ligands (Ryan et al.,
2005, Ying et al., 2009, Abiko et al., 2015, Holinstat et al., 2003, Singh et al., 2007).
Upon screening these RGS family RhoGEFs, recent data from a fellow graduate
student in our lab shows that p115RhoGEF localizes spatio-temporally to Rho flares
(Shahana Chumki, unpublished). Evidence from the literature shows that the GEF
activity of pl15RhoGEF is activated by phosphorylation of pl115RhoGEF by the
calcium-dependent kinase PKCa (Holinstat et al., 2003) in addition to Gaiz13-mediated
activation via the RGS domain of p115RhoGEF (Kozasa, 1998). Thus, it is of interest to
explore if the activity of p115RhoGEF is dependent on calcium signaling during Rho
flares by testing the localization of p115RhoGEF to Rho flares in the absence of
intracellular calcium. If calcium is indeed involved in the activation of p115RhoGEF in
this process, this could explain the low intensity, short-duration Rho flares observed
when MSCs are blocked (Figure 2.4) vs. total loss of active Rho flares. To further
confirm the parallel activation of pl15RhoGEF by calcium and Gaiznas, it will be
necessary to knock down (KD) Gaizaiz proteins or mutate the RGS domain of
p115RhoGEF in combination with intracellular calcium perturbation. Additionally, to
expand on this signaling pathway, one could inhibit the activity of PKCa using a
conventional PKC inhibitor, G66976, to test the role of PKCa in mediating TJ repair via

the leak pathway.

4.1.2 Calcium-dependent PIP2 enrichment

The efficiency of RhoA to mediate downstream actomyosin contractility depends on

both the amount of RhoA initially activated, and the amount of active RhoA being
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retained at the cell cortex to allow enough time for it to interact with downstream
effectors to mediate efficient contractility (Budnar et al., 2019, Ratheesh et al., 2012). A
recent study showed that the sustained activation of RhoA at cell-cell junctions was
regulated by increasing the concentration of PIP2 in the membrane via Anillin binding to
PIP2 (Budnar et al., 2019). Further, concentration of PIP2 and thereby stabilization of
active Rho in the membrane was dependent on the C2 domain of Anillin (Sun et al.,
2015, Budnar et al.,, 2019). C2 domains are highly conserved regulatory domains,
involved in the calcium-dependent membrane binding of proteins that contains C2
domains (Cho and Stahelin, 2006), suggesting that Anillin recruitment to the membrane
could be mediated by its C2 domain in the presence of local calcium. However, Sun et
al., suggest that recruitment of Anillin to the membrane is not dependent on calcium,
although a clearer demonstration of this conclusion is warranted (Sun et al., 2015).
Thus, it is possible that Anillin’s recruitment to the membrane is mediated by its C2
domain in a calcium-independent manner; however, calcium may mediate PIP2
clustering via Anillin’s C2 domain to stabilize active Rho at the junctions. In support of
this idea, our lab showed that Anillin KD leads to increased frequency of Rho flares,
which are of shorter duration (Reyes et al., 2014), a phenotype similar to blocking MSCs
using GsMTx4 (Figure 2.4 and Figure 2.5). Further, calcium has been shown to
promote formation of PIP2 clusters in artificial lipid membranes (Wang and Richards,
2012, Sarmento et al., 2014). Together, these results suggest that local calcium
increase | observed (Figure 2.1 and Figure S 2.1), might regulate sustained activation of

RhoA by locally concentrating PIP2 at the site of TJ leaks.
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Future experiments should test this potential mechanism by which calcium
regulates the stability of Rho flares by enriching the local concentration of PIP2. For
example, one could investigate the localization and dynamics of Anillin and PIP2 (using
the Pleckstrin Homology domain of phospholipase C-delta as a probe for PIP2) in
control and GsMTx4-treated embryos. If PIP2 clustering and Anillin localization are
decreased at sites of barrier leaks in the absence of a calcium increase, this would
reveal a mechanism by which calcium regulates the residence time of active RhoA at
the junctions, and thereby reduces downstream actomyosin contractility with high

spatial specificity.

4.1.3 Calcium-dependent crosstalk between active Cdc42 and active RhoA

Spatial and temporal dynamics of active RhoA are influenced by the crosstalk between
active Cdc42 and active RhoA during epithelial wound healing and neuronal dendritic
spine enlargement, among other processes (Murakoshi et al., 2011, Benink and
Bement, 2005, Abreu-Blanco et al.,, 2014, Moe et al., 2021). During wound healing,
distinct zones of active Cdc42 and active RhoA form around the site of the wound to
form a contractile actomyosin array (Benink and Bement, 2005, Clark et al., 2009,
Vaughan et al., 2011). Activation of both Cdc42 and RhoA are dependent on
intracellular calcium increase mediated by calcium influx via PM damage at the wound
site. Chelation of intracellular calcium or wounding in calcium-free media led to a loss of
both active Rho and active Cdc42 zones around the wound site (Benink and Bement,
2005, Clark et al., 2009). Further, inhibition of active Cdc42 by expressing a dominant-
negative Cdc42 also suppressed the formation of the active Rho zone around the

wound site (Benink and Bement, 2005). Together, these results show that while calcium
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positively regulates the activity of Cdc42 and RhoA, RhoA activation is also positively
regulated by active Cdc42. Thus, it is possible that calcium-mediated activation of
Cdc42 modulates the activation of Rho flares via crosstalk at barrier leaks. Indeed,
preliminary data from our lab shows that active Cdc42 accumulates at barrier leaks at
the same time as active RhoA, although Cdc42 accumulates in a more diffuse pattern
compared to Rho (Rachel Stephenson, unpublished). It will be important to characterize
the crosstalk between active Cdc42 and active Rho during TJ remodeling, as precise
regulation of both is required for maintenance of an intact barrier (Quiros and Nusrat,

2014).

4.2 Calcium-mediated reinforcement of TJ proteins at barrier leaks

Efficient reinforcement of TJ proteins following a barrier leak is dependent on
actomyosin-based local contraction of cell-cell junctions (Stephenson et al., 2019). In
addition to junction contraction, Stephenson et al. also observed a cortical enrichment of
F-actin and cortical flow of NMII towards the junction during Rho flares, which was
necessary to recruit ZO-1 from the cytoplasm to the site of the TJ break (Stephenson et
al.,, 2019). These results suggest that 1) cortical flow of actomyosin and 2) local
actomyosin-mediated junction contraction could underlie the two phases of TJ repair —
reinstatement and reinforcement — respectively. In this section, | will discuss the role of
calcium in mediating junction contraction and cortical recruitment of TJ proteins during

leak repair.

4.2.1 Calcium-mediated junction contraction during TJ repair
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Cytosolic calcium signals play an important role in mediating actomyosin contractility
during tissue folding in the Xenopus laevis and Drosophila epithelium (Balaji et al.,
2017, Christodoulou and Skourides, 2015, Hunter et al., 2014). Calcium signals also
control cell length during Zebrafish brain development (Sahu et al., 2017). In Chapter 2,
| showed that during TJ repair, junction contraction initiates during the peak of the
intracellular calcium increase, and junction length stabilizes as the calcium level returns
to baseline (Figure 2.2). Further, | showed that blocking MSC-mediated calcium
increase inhibited junction contraction following barrier leaks (Figure 2.5). These results
show that a local intracellular calcium increase is required for actomyosin-mediated
junction contraction. In epithelia, apical actomyosin contractility and permeability of TJs
is regulated by MLC phosphorylation, which is mediated by Rho/ROCK or MLCK
(Clayburgh et al., 2004, Nusrat et al., 1995a). MLCK is a calcium/calmodulin-regulated
kinase that activates NMII in the presence of calcium (Lazar and Garcia, 1999). It is not
currently clear if the calcium-mediated actomyosin contraction and decreases in cell
length during TJ reinforcement are mediated through the RhoA/ROCK or MLCK
pathways.

Previous work from our lab has shown that inhibition of ROCK activity had a
partial effect on junction contraction and ZO-1 reinstatement (Stephenson et al., 2019),
suggesting a possible parallel pathway to Rho/ROCK where calcium activates MLCK. In
support of this, my preliminary data shows that MLCK localizes to Rho flares and

accumulates at a similar time as active Rho (Figure 4.1).
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Figure 4.1: MLCK localizes to Rho flares

(A) Montage of active Rho (mCherry-2xrGBD) and mNeon-MLCK in the gastrula-stage Xenopus epithelium.
(B) Graph showing MLCK (green) increase follows increase in active RhoA (magenta). Error bars represent mean *
S.E.M. n=10 flares, 3 experiments.

To expand on this result, one could measure the intensity and timing of MLCK
accumulation at Rho flares over time in control and calcium chelated embryos to assess
whether MLCK is regulated by the calcium increase at barrier leaks. Further, MLCK
localization is enriched at the junction and appears diffuse in the protrusion, compared
to active Rho’s localization, which is concentrated in the protrusion (Figure 4.1),
suggesting that MLCK and Rho/ROCK might be activating different populations of
myosin Il during TJ repair. Next, to tease apart the contribution of ROCK- and MLCK-
mediated myosin Il activation during TJ reinforcement, one could block the activity of
MLCK using the MLCK inhibitor ML-7 alone, or in conjunction with ROCK inhibitor. If
MLCK is indeed involved in regulating local junction contraction and fixing barrier leaks,
it would challenge the current view in the field where MLCK activation is often correlated

with a leaky barrier during inflammation (Weber et al., 2010, Yu et al., 2010).

4.2.2 Calcium-mediated reinforcement and stabilization of TJ proteins

Previous work from our lab showed a local cortical enrichment of F-actin and cortical
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flow of NMII towards the junction around the site of Rho flares and that non-junctional
Z0O-1 clusters colocalized with cortical F-actin clusters (Stephenson et al., 2019). In
addition, we know that the junctional pool of ZO-1 exchanges with the cytoplasmic pool
of ZO-1 and does not diffuse along the junction as observed with Occludin (Shen et al.,
2008b, Stephenson et al., 2019). Together, this suggests that the majority of ZO-1
recruited to the site of TJ breaks following Rho flares is from the cytoplasmic pool of
Z0-1.

In Chapter 2, | observed that bigger ZO-1 breaks were generally correlated with
higher intensity calcium increases, and larger size Rho flares. Further, | showed that
when the intracellular calcium level is perturbed either by chelation of intracellular
calcium (Figure 2.3), or by blocking MSC-mediated calcium influx (Figure 2.4), ZO-1
reinstatement and reinforcement was significantly reduced. Specifically, upon chelation
of intracellular calcium, which led to minimal or no Rho flare activation, ZO-1 failed to be
reinstated (Figure 2.3). However, upon blocking MSCs, ZO-1 was reinstated but failed
to be reinforced to the same extent as controls (Figure 2.4). This indicates that efficient
TJ reinforcement is regulated by both the cortical flow of ZO-1 towards the site of the
barrier leak and stabilized junction contraction at the site of the barrier leak. An
important unanswered question remains: does calcium promote ZO-1 reinforcement
independent of junction contraction? | propose that intracellular calcium regulates TJ
reinstatement by aiding in phase separation of ZO-1 and cortical flow of non-junctional
Z0O-1 towards the junction.

Z0O-1 is composed of PDZ domains in the N-terminus, PDZ3, SH3, GUK and U6

domains in the central region, and a highly disordered actin binding region (ABR) at the
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C-terminus (Figure 4.2) (Citi, 2020, Bazzoni and Dejana, 2004). Two recent studies
identified a non-junctional population of ZO-1 that is capable of forming phase
separated biomolecular condensates (Beutel et al., 2019, Schwayer et al., 2019). Phase
separated ZO-1 condensates recruited other TJ proteins, signaling proteins, and
actomyosin to form TJ strand-like structures in the condensates. Further, the
condensates are delivered to the junctions by the cortical flow of actomyosin to increase
the local concentration of TJ strands at apical cell-cell junctions (Beutel et al., 2019,

Schwayer et al., 2019).

Calmodulin
claudins JAM-A occludin
—PDz1 | —{PD22 poz3 HEED-Couk )G ABR —
— ++ --
Z0-2 Gal2 F-actin
ZONAB cingulin

Z0-3, a-catenin

Figure 4.2: Domain diagram of ZO-1 showing the binding regions for other TJ proteins, signaling proteins,
and F-actin

The Calmodulin binding region (18 amino acids) with a positively charged amino acid cluster was identified in the ZO-
1 GUK domain. Figure modified from (Bazzoni and Dejana, 2004)

Beutel el al. showed that electrostatic interaction between U6 and GUK domains,
keeps ZO-1 in a closed conformation thereby preventing ZO-1 from forming phase
separated condensates. However, upon release of the interaction between U6 and
GUK, ZO-1 is able to form biomolecular condensates via ZO-1 multimerization. Further,
they identified that the release of the interaction between U6 and GUK, can be
regulated by dephosphorylation of ZO-1 or dimerization of ZO-1 (Beutel et al., 2019).

However, it is also possible that in the presence of calcium, calmodulin (CaM) binds to a
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calmodulin binding region in the GUK domain of ZO-1 to release the inhibition
(Paarmann et al., 2008), allowing biomolecular condensates to form. CaM has been
shown to bind the GUK domain of ZO-1 at a higher affinity compared to the U6 domain
(Paarmann et al., 2008), indicating that calcium/CaM binding could be a potential
mechanism by which ZO-1 undergoes closed->open conformational change — in
addition to phosphorylation status or dimerization of ZO-1. This hypothesis is supported
by earlier studies showing that chelation of intracellular calcium prevented movement of
Z0O-1 from the cytoplasm to the junctions, as with calcium chelation, ZO-1 failed to
associate with the cytoskeleton during epithelial junction formation (Stuart et al., 1994).

| propose that calcium plays an important role in ZO-1 reinforcement and
stabilization by mediating a multi-step process. First, following the local intracellular
calcium increase, calmodulin binds to ZO-1 to promote ZO-1 phase separation, and
thereby recruitment of TJ components to the biomolecular condensates. Next, the
biomolecular condensates are recruited to the site of the TJ break by the cortical flow of
actomyosin observed during Rho flares to re-seal the barrier leaks. Finally, the
reinforcement of TJ proteins is stabilized by efficient junction contraction at the site of
the barrier leaks.

In the future, it would be interesting to test the role of ZO-1’s calmodulin-binding
region in reinforcement of ZO-1 during Rho flares by mutating the 18 amino acid
calmodulin-binding region in the GUK domain, or alternatively by expressing ZO-1 AU6
mutant (full length ZO-1 lacking the U6 domain).This would also shed light on the
distinct contributions of cortical flow of ZO-1 and actomyosin-mediated junction

contraction in re-sealing the barrier leak and strengthening barrier function.
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If this hypothesis holds true, it would explain the asymmetric calcium increase
observed during Rho flares (Figure 2.1 and Figure 2.2). We predict that during the
decrease or loss of ZO-1 preceding Rho flares, ZO-1 is lost in both cells neighboring an
elongating junction. It is possible that the amount of ZO-1 lost from each cell is
asymmetric, thereby leading to an asymmetric increase in calcium to mediate phase
separation and cortical flow of ZO-1 in the respective cells. However, to resolve this
guestion, one would need to express fluorescently tagged-ZO-1 in different colors in
cells neighboring the junction with asymmetric calcium increase and use a microscopy
technique with higher resolution than conventional confocal microscopy (e.g. Airyscan
or super-resolution microscopy). This would allow us to visualize if the ZO-1 loss is
symmetrical or asymmetrical in neighboring cells, and if the calcium increase follows a
similar trend. Alternatively, one could use laser injury of the cell-cell junction, a
technique previously established in our lab to mimic TJ loss and barrier breach

(Stephenson et al., 2019), to test the above hypothesis.

4.3 Mechanosensitive calcium channels activated during Rho flares

Based on my results in Chapter 2, | showed that the calcium increase observed during
Rho flares originates locally at the site of the TJ break and spreads into the cells (Figure
2.1 and Figure S 2.1). In addition, | demonstrated that the local calcium influx is
mediated by MSCs (Figure 2.4). The next logical questions for future studies include: 1)
What is the trigger that activates MSCs? and 2) What is/are the mechanosensitive

calcium channels involved in this mechanism?

4.3.1 What is the trigger that activates MSCs?
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MSCs can be activated by changes in membrane tension generated by mechanical
stimuli including compressive stress, tensile stress, or shear stress (Orr et al., 2006,
Canales Coutino and Mayor, 2021). Upon activation of PM-localized MSCs, calcium
influx via the channel forms a calcium microdomain in the cytoplasm at the mouth of the
channel opening. Calcium microdomains mediate local calcium- dependent signaling
cascades at the site of MSC activation (Berridge, 2006). Given that the PM is constantly
feeling pressure from the external environment of the cell, MSCs are widely studied in
the context of externally-applied stress during physiological movements or
environmental influences. However, MSCs can also be activated by tension generated
inside the cell by the cytoskeleton, and/or change in cortical tension from inside the cell
(Nourse and Pathak, 2017, Shi et al., 2018, Heisenberg, 2017, Welf et al., 2020). In
living cells, the PM is coupled to the underlying actin cortex. Thus, any change in the
connection of the actin cortex to the PM or change in the thickness of the cortex itself
can influence membrane tension to modulate the activity of MSCs (Shi et al., 2018, Liu

and Montell, 2015, Orr et al., 2006).

Membrane protrusions have been long thought to be areas of increased
membrane tension, which was confirmed by a recent study in blebs using a membrane
tension probe (Colom et al., 2018). To test if the sites of ZO-1 loss are indeed sites of
differential membrane tension, | propose to use the commercially-available membrane
tension sensor Flipper-TR (Colom et al., 2018), to measure changes in membrane

tension at sites where ZO-1 is reduced and where calcium influx initiates.

Interestingly, Rho flares are associated with apical membrane protrusions (Figure

2.4), displaying a change in membrane curvature and thereby a possible change in
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membrane tension (Stephenson et al., 2019). The membrane protrusions observed
during Rho flares could be bleb-like protrusions devoid of actin or lamellipodia-like actin-
based protrusions. Bleb-like protrusions occur where the connection of the PM to the
underlying actin cortex is weakened or lost (Charras, 2008), whereas lamellipodia-like
protrusions occur when Arp2/3-mediated branched actin pushes the membrane outward
(Taha et al., 2014). Based on preliminary data from our lab, we propose that Rho flares
follow a bleb-like model, where the membrane uncouples from the underlying actin
cortex due to the loss of ZO-1, and reduction in F-actin that was occasionally detected
at sites of ZO-1 loss (Stephenson et al., 2019). The lifecycle of a bleb consists of 3
phases: 1) initiation (detachment of membrane from the cortex), 2) growth (driven by
hydrostatic pressure in the cell and devoid of cytoskeletal elements), and 3) retraction
(reassembly of the cortex) (Tinevez et al., 2009). While the growth phase of typical
blebs is devoid of cytoskeletal elements in the protrusion, the membrane protrusion
observed during Rho flares has a homogenous distribution of active Rho (Figure 2.3).,
suggesting that Rho flares might follow a combination model, where the initiation phase
follows a bleb-like pattern due to the detachment of PM from the cortex, followed by a

formin- and Arp2/3-mediated actin-based protrusion model during the growth phase.

To test if there is a loss of membrane-actin coupling at the site of ZO-1 reduction,
one could use a membrane-proximal F-actin probe (Bisaria et al., 2020). The
enrichment of the membrane-proximal F-actin probe indicated the areas of the junction
that are coupled to the underlying actin cortex. Thus, if there is a loss of membrane-
actin coupling at the site of ZO-1 decrease prior to the initiation of calcium influx, this

would support a bleb-like initiation mechanism where detachment of the membrane
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from the underlying cortex activates MSCs due to a change in local membrane tension.
This would further explain why MSC-mediated calcium influx is local to the site of TJ
loss and not activated along the whole length of the junction that is subjected to
elongation (and presumably membrane stretch) preceding local ZO-1 loss. In support,
recent evidence points to the importance of linking cortical actin to the membrane as a
mechano-protective mechanism by which MSCs are prevented from ectopic activation

in intact cells with an underlying actin cortex (Shi et al., 2018).

As noted above, the mechanism of protrusion may not be as simple as bleb-like
vs. actin-based protrusions. A recent study showed that both bleb-like protrusions and
actin-based protrusions require an initial detachment of PM from the cortex (Welf et al.,
2020). This suggests that irrespective of the mode of protrusion growth during Rho
flares, initial detachment of the membrane from the cortex could trigger the initiation of
calcium influx via MSC activation due to changes in local membrane tension. To further
explore this idea, | propose to test the dynamics of local calcium influx and Rho flares
following barrier leaks in a system where the membrane-cortex link is stabilized, but still
flexible to undergo cell shape changes. A recent study showed that ZO-1 can bind F-
actin with a higher affinity by swapping the actin binding site (ABS) of ZO-1 with actin
binding domain (ABD) of a-Catenin (Belardi et al.,, 2020). Further, the same study
showed that tight coupling of ZO-1 to F-actin increased macromolecular flux via the leak
pathway possibly by breaking of TJ strands (Belardi et al.,, 2020). Thus, if initial
detachment of the PM from cortex is crucial for calcium influx, | predict that in cells
expressing ZO-1 where the ABS is swapped with a-catenin’s ABD, calcium influx and

Rho flare activation will be significantly reduced following a barrier leak.
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4.3.2 What is/are the MSCs regulating epithelial barrier function?

| show that the calcium influx following barrier leak is mediated by MSCs; however, the
identity of the channel mediating the calcium influx is still an open question. Several of
the MSCs that belong to the Piezo and TRP families including Piezol, TRPC1, TRPCS5,
TRPC6, TRPV2 and TRPV4 are expressed in epithelial tissues (Coste et al., 2010,
Tiruppathi et al., 2006, Akazawa et al., 2013, Miyamoto et al., 2014, Weber and Muller,
2017). My data shows that the local calcium influx is blocked by the MSC blocker,
GsMTx4 (Figure 2.4). GsMTx4 is widely used in the mechanosensitive ion channel field
to block the activity of Piezol (Bae et al., 2011). However, GsMTx4 is a peptide that
does not interact directly with Piezol channel to alter its function, but rather inserts into
the membrane to increase the membrane tension threshold for channel activation
(Gnanasambandam et al., 2017). Thus, there is growing evidence that shows that
GsMTx4 blocks calcium influx mediated by members of the TRP family, specifically
TRPC6 and TRPV4, in addition to Piezol (Bae et al., 2011, Spassova et al., 2006,
Bowman et al., 2007). Of note, Piezol, TRPC6, and TRPV4 are known to localize to
cell-cell junctions (Gudipaty et al., 2017, Weber et al., 2015, Sokabe et al., 2010),
thereby making them strong candidates to regulate local calcium influx during TJ
remodeling.
Piezol:

Given that GsMTx4 strongly inhibits the activity of Piezol in many systems, |
characterized the role of Piezol in regulating barrier function. My data in Chapter 3,
shows that Piezol KD increased the frequency of barrier leaks (Figure 3.5), similar to

GsMTx4-treated embryos (Figure 2.5). However, in Piezol KD embryos, despite the

133



increase in the frequency of barrier leaks, the overall integrity of the barrier was
maintained (Figure 3.5), contrary to GsMTx4 treatment (Figure 2.5). This suggested that
in Piezol KD embryos, the barrier leaks were able to be repaired efficiently in order to
maintain the overall barrier integrity. Indeed, activation of Rho flares was not reduced in
Piezol KD embryos (Figure 3.5), whereas Rho flare activation was reduced with
GsMTx4 (Figure 2.4). In fact, the size of protrusions associated with Rho flares were
bigger in Piezol KD embryos compared to controls, and the cell-cell junctions
contracted more (Figure 3.5). Together, my data suggests that Piezol might not be the
primary channel mediating calcium influx involved in activation of Rho flares. This
conclusion is further supported by the localization of Piezol, as Piezol localizes
strongly to AJs (Figure 3.2), whereas the membrane protrusion is restricted to the most
apical Z-planes by the TJ. However, the loss of Piezol leads to increased barrier leaks
during cell shape change-mediated junction elongation, thus suggesting that Piezol is
somehow important in regulating the strength of the barrier function. In the future, it will
be interesting to find out if there is a threshold speed of elongation that triggers the TJ
break and if that threshold is decreased in Piezol KD cells.

It is important to note that with our current Piezol KD using Piezol.S. MO, we
could only attain a partial knockdown (~50%) of Piezol at cell-cell junctions (Figure 3.1).
Thus, it is possible that the remaining Piezol compensates for the reduced number of
channels at the membrane (e.g. by modulating the activation and inactivation kinetics of
the channel to let the same amount of calcium into the cell). Thus, it will be important to
knockout Piezol using CRISPR/Cas9 to determine the precise role of Piezol in

regulation of local barrier leaks.
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TRPC6 and TRPV4:

My data from Chapter 2 shows that 2-APB treatment in conjunction with calcium
chelator significantly decreases the intracellular calcium flash during ZO-1 loss (Figure
3.3). As 2-APB blocks TRP channels in addition to IPsR-mediated calcium release from
the ER, it is possible that the local calcium flashes are mediated by TRPC6 or TRPVA4.
Additionally, TRPV4 and TRPC6 mediate stress fiber formation by activation of RhoA in
migrating cells, suggesting a potential role for these MSCs in regulation of Rho flares
during TJ remodeling (Sokabe et al., 2010, Zhang et al., 2017).

Both TRPC6 and TRPV4 can be activated by a change in PM tension; however,
they have been studied in the context of different kinds of mechanical stimuli. For
example, TRPCG6 is activated by changes in membrane tension or curvature of the lipid
bilayer, while TRPV4 is activated by osmotic pressure and shear stress (Canales
Coutino and Mayor, 2021). In epithelial cells, TRPV4 has been shown to co-localize with
Z0-1, and activation of TRPV4 strengthens the barrier by upregulation of TJ proteins
(Akazawa et al., 2013, Martinez-Rendén et al., 2017). On the other hand, there is
growing evidence showing the role of TRPC6 in regulating RhoA activity and actin
reorganization in podocytes to regulate barrier function in the kidney (Weber et al.,
2015, Zhang et al., 2017). Interestingly, TRPC6-mediated calcium influx has been
shown to activate PKCa in endothelial cells stimulated with thrombin (Singh et al.,
2007). However, the same group earlier showed that PKCa activated p115RhoGEF by
phosphorylation (Holinstat et al., 2003). Taken together, both TRPV4 and TRPC6 are

potential MSC candidates that may regulate local calcium influx during TJ remodeling.
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In order to understand the function of TRPC6 and TRPV4 during TJ remodeling,
it will be necessary to characterize the localization of the channels in gastrula-stage
epithelial cells. If one or both of the channels are localized to TJ and are enriched at the
site of Rho flares, it will be important to KD one channel at a time to understand the
calcium dynamics, Rho flare activation, TJ reinstatement, and effect on local and global
barrier function. Further, to understand the dynamics of calcium influx mediated by
TRPV4 and TRPC6, one could inhibit the channel activity using other inhibitors or

activate channel using specific agonists.

In the future, it will be important to test the role of MSCs (Piezol, TRPV4 and
TRPCS6) in regulating junctional RhoA activity and remodeling of cell-cell junctions in
response to global mechanical stimuli, either by mechanical stretching using a tissue
stretcher or regional stretching using optogenetic activation of RhoA in the neighboring

region.

4.4 Role of AJ-mediated regulation of barrier function

Not every instance of junction elongation causes a barrier leak or is followed by
subsequent contraction. Thus, Rho flares may be an emergency repair mechanism that
initiates when a TJ is severely damaged in response to a mechanical stimulus. This
raises the questions: Why are some parts of the junction more susceptible to a TJ
break? and Are sites of TJ break regions of reduced mechanical adhesion at the AJ

level?

Previous work from our lab showed that following Rho flares, AJ proteins (E-

Cadherin and a-Catenin) are enriched at the site of ZO-1 reinstatement. Interestingly,
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the increased amount of a-Catenin was sustained for 600 s after Rho flare initiation,
suggesting that the AJs are stabilized following the Rho flares as a mechanism to
strengthen the TJ barrier (Stephenson et al., 2019). Additionally, we know that AJ
proteins are stabilized, in response to mechanical stimuli — both global and local — in
order to maintain effective barrier function (Higashi et al., 2016, Acharya et al., 2018).
However, AJ proteins do not appear to be altered prior to Rho flares. Together, previous
work leads me to propose that junction elongation-mediated increases in tensile stress

lead to barrier leaks at regions of the junction with decreased adhesion strength.

Given that we know that Piezol localizes strongly to AJs, though there is also a
lesser localization to TJs (Figure 3.2), it is possible that the stability of TJ strands is
altered indirectly by modulating the E-Cadherin-based strength of AJs. In line with this,
preliminary data from our lab shows that E-Cadherin KD leads to discontinuous
localization of ZO-1 at the TJ, suggesting sites of increased barrier leaks (Tomohito
Higashi, unpublished). Additionally, it is possible that Piezol KD alters the myosin II-
mediated tension at cell-cell junctions, which is indicated by the altered localization of P-
MLC at cell-cell junctions in Piezo1 KD cells (Figure 3.6 A and Figure 3.6 A’). Thus, it
would be interesting to test the effect of Piezol KD on the localization and stability of TJ
and AJ proteins and perform laser ablation to test the junctional tension. This could

reveal a mechanism by which AJs regulates the TJ barrier in a mature epithelium.

4.5 Role of MSCs in physiology and pathophysiology

Mechanosensation, the ability of cells to sense and respond to a mechanical stimulus

by converting mechanical force into a biochemical signal, is a field of growing interest in
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non-excitable tissues that are subjected to physical forces. Almost all cells in our body
are subjected to mechanical force — either from the tissue environment or from within
the cells themselves, emphasizing the need to understand the mechanisms by which
cells sense and respond to different mechanical forces.

In epithelia, cells experience a range of mechanical forces like fluid flow, tissue
distention, and tissue compression and contraction, which occur both during
development and normal organ function. For example, as food propels through the
intestine, different epithelial cells in the immediate vicinity of the food experience
different forces including: cells in front of the food (relaxation), site of the food
(expansion), and back of the food (compression) (Beyder, 2018). This suggests that
during the physiological function of propelling food through the intestine, distinct
mechanosensitive mechanisms might play a role in sensing mechanical forces in their
local environment. In support of this, Piezol has been shown to be expressed highly
and mediate stretch-induced calcium influx in the uroepithelium, another epithelium that
is exposed physiological mechanical forces due to fluid flow and distention (Miyamoto et
al., 2014, Coste et al.,, 2010). Additionally, it is important to note that TRPV4 is also
expressed in uroepithelial cells and activated in response to mechanical stretch, yet at a
different magnitude compared to Piezol (Miyamoto et al., 2014). However, the cellular
mechanism underlying Piezol- and TRPV4-mediated calcium signaling is unknown, and
is a subject of interest for further investigation. We know that healthy epithelia maintains
a robust barrier despite these dynamic physiological forces; thus, it is possible that
Piezol- and TRPV4-mediated calcium influx plays a role in mediating TJ remodeling to

maintain barrier function during filling and emptying of the urinary bladder.
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It is well known that impaired barrier function due to increased paracellular
permeability leads to pathological conditions like inflammatory bowel disease (IBD)
(lvanov et al., 2010b, Choi et al., 2017, Lechuga and Ivanov, 2021) and cancer cell
metastasis (Martin, 2014). In addition to mis-regulation of RhoA activation, recent
studies point to the overexpression of Piezol and TRP channels in the progression of
cancer metastasis and inflammation (Canales et al., 2019, Weber and Muller, 2017,
Aykut et al., 2020). Specifically, Piezol has been found to be overexpressed in
intestinal gastric cancer, where it leads to increased cell proliferation and migration (De
Felice and Alaimo, 2020). Further, increased activation or expression of several of the
TRP channels is related to IBD, Crohn’s disease, and colorectal cancer (Alaimo and
Rubert, 2019). For instance, TRPV4 is found to be overexpressed in the inflamed gut
tissue in patients with Crohn’s disease, where TRPV4 is shown to activate the
production of pro-inflammatory cytokines (Alaimo and Rubert, 2019). Thus, my data that
MSC-mediated calcium influx is required to maintain effective barrier function combined
with data from the literature suggests that proper function of MSCs is an essential
mechanism for healthy barrier function in epithelial tissues. Future studies are needed
to further understand the different mechanism by which MSCs are regulated in
response to physiological forces, potential crosstalk between the MSCs in mediating a
localized or global calcium influx based on the mechanical stimulus, and finally potential
crosstalk between MSCs and other mechanosensitive structures in epithelial cells like

TJs, AJs, and the cytoskeleton.
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4.6 Significance

In my thesis, | show why simple epithelial tissues become leaky and mechanisms by
which the leaks are repaired promptly in healthy tissue. Using Xenopus laevis embryos
to mimic the simple epithelia in our body, our lab found that transient barrier leaks
resulted from the lengthening of cell-cell junctions and were repaired by turning on a
protein called RhoA. However, we didn’t know how RhoA is turned on at the right time
and place in response to leaks. In my thesis, | show calcium is the signal that tells the
cell to turn on RhoA and maintain RhoA in an “on” state when it knows there is a leak.
Next, | showed that calcium from outside the cell enters the cell through MSCs that
open in response to local changes in membrane tension. Calcium entry through MSCs
is important to promptly fix the leaks and maintain overall barrier function. Further, |
show that Piezol, a MSC widely expressed in epithelial tissues, regulates barrier
function by strengthening cell-cell junctions. Together, my work sheds light on the basic
molecular mechanisms that convert a mechanical cue into a local biochemical signal to
regulate barrier function in the vertebrate epithelium.

Application of my research will help identify new targets to treat chronic
inflammation associated with impaired cell-cell junctions in response to failed
mechanosensation. For example, inflammatory bowel disease (IBD), caused by a leaky
intestinal epithelium, affects more than twenty five percent of western population
(Collaborators, 2020). Thus, treating a Crohn’s disease patient with a calcium channel
inhibitor using a transient, local delivery to the site of a mucosal wound via
nanoparticles or hydrogels, would strengthen the epithelial barrier thereby reducing

local inflammation. Also, using a specific calcium channel inhibitor could be a more

140



targeted therapeutic approach compared to current treatments that uses broad inhibitor

for Rho signaling with significant side effects.
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