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Abstract

CHARACTERIZATION OF TIGHT JUNCTION SPIKES AND THEIR ROLE IN REGULATING
ALVEOLAR BARRIER FUNCTION

By K. Sabrina Lynn

Regulation of paracellular permeability within tissues is necessary for maintaining proper fluid
balance and tissue function. This is especially important in the alveoli of the lungs, where careful
tailoring of fluid helps to maintain open airspaces for gas exchange. Chronic alcohol abuse has
been linked with leaky lung barrier function, priming it for acute respiratory distress syndrome
(ARDS), a serious condition characterized by airspace flooding and widespread inflammation.
Cells primarily modulate paracellular permeability through tight junction proteins, particularly
transmembrane proteins called claudins. Here, we demonstrate in a rat model that chronic
alcohol leads to an increase in claudin-5, which is necessary and sufficient for decreasing barrier
function in alveolar epithelial cells (AECs). We further show that claudin-5 disrupts claudin-18
interactions with scaffolding protein ZO-1, suggesting a possible mechanism for alcohol-induced
barrier dysfunction. Increased claudin-5 with alcohol was also associated with a rearrangement
of tight junctions into spike-like structures perpendicular to cell junction interfaces. These “tight
junction spikes” (TJ spikes) appear to be active areas of junction remodeling driven by increased
endocytosis of tight junction proteins and form away from pools of -catenin associated with
actin filaments. This suggests a role for adherens junctions in determining the directionality of
TJ spike formation. Treatment with the endocytosis inhibitor Dynasore, which targets the actin-
binding protein dynamin, significantly reduces the number of TJ spikes and was associated with
actin rearrangement into cortical actin. Dynamin-2 was found to colocalize with claudin-18 and
Z0-1 at linear junctions but did not appear to localize with -catenin and TJ spikes. We then
used an in situ method of determining barrier function to show that TJ spikes were not sites of
increased leak. To begin elucidating possible functions for TJ spikes, we investigated the local
claudin-18 proteome using BioID, which showed association with multiple junction proteins
including focal adhesion proteins. Of particular note, several proteins involved in signal
transduction were biotin-labeled, setting the stage for future work defining potential roles for TJ
spikes as signaling platforms.
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CHAPTER 1: INTRODUCTION

Lung anatomy

Every cell in the body requires oxygen to perform cellular respiration, and the specialized
structures within the lungs are vital in the acquisition of oxygen. Air flows through the trachea
and bronchi, continuing down progressively smaller branches of bronchi in the respiratory tree.
A network of branching conducting airways starting from the trachea, through bronchi to
bronchioles directs air through the lungs, culminating in alveoli, which is where gas exchange
occurs.

Each alveolus measures only 100-200 pm in diameter and together with pulmonary
capillaries provides a thin boundary of 0.5 mm for oxygen to diffuse across to enter the
bloodstream and carbon dioxide to exit the body.* Approximately 480 million alveoli are packed
into the average lung with a volume at just over 3000 cms3.%2 This amounts to a surface area
within the lung of 70 m2. With 12 to 18 breaths taken per a minute by the average adult, the
division of the respiration zone into small air sacs known as alveoli helps to maximize diffusion

capacity within the limited volume of the thoracic cavity.

Alveolar epithelium

Two major types of cells comprise the alveolar epithelium: type I and type II epithelial cells.
Type I alveolar epithelial cells are thin at only 0.25 nm from apical to basolateral membrane,
facilitating gas diffusion across them. Their sprawling squamous shape helps them account for
97 percent of the surface area of alveoli, though they only make up approximately 40% of all
alveolar epithelial cells.>3 By contrast, type II cells, which are smaller and cuboidal, contain
approximately half the volume of type I cells and have a footprint 27 times smaller than type I
cells.3 Alveolar epithelial cells fasten to an extracellular matrix, which provides both support to

the alveoli during lung expansion, along with wound healing and tissue hydration.4 Normal



alveolar cells interact with an extracellular matrix containing laminin and type IV collagen.
Provisional matrix in injured alveoli contains fibronectin and type I collagen, promoting cell
migration and wound healing. However, long-term culture on this provisional matrix leads to
low resistance monolayers compared to cells on normal matrix.5-8

Type II cells secrete surfactant that is necessary in maintaining open alveoli by regulating
surface tension.%° In order to keep alveoli from collapsing from the pressure of surrounding
tissue with every breath expiration, alveolar type II cells produce surfactant to provide structure
to the alveoli. Pulmonary surfactant is a composition rich in proteins and lipids that reduce
airspace surface tension. Surfactant is stored in lamellar bodies, distinct organelles within type
IT cells. Upon secretion, surfactant forms layered films, vesicles, and tubular myelin structures.
Alveolar macrophages regulate surfactant turnover in concert with type II cells.®* Surfactant
secretion is controlled by stretch-activated calcium channels. Calcium is transferred from type I
to type II cells via gap junctions, causing the fusion of lamellar bodies with plasma membrane to
release surfactant.2!3 Paracrine signaling through extracellular adenosine triphosphate (ATP)
and purinergic receptors can also stimulate surfactant release. Interestingly, type I cells release
more ATP than type II cells in response to stretch, suggesting they have a role as
mechanosensors in the alveoli. In addition, type II cells facilitate the innate immune response
through release of cytokines and can differentiate into type I cells to repair and maintain healthy
alveoli.'415

Fluid flux is a necessary component of healthy alveoli. Fluid efflux in the airspace is driven
by electrochemical gradients created by ion flux through alveolar epithelial cells. These
electrochemical gradients direct the passive flow of water between tissues. The primary ion flux
in the alveoli occurs through sodium transport via apically-located epithelial sodium channels
(ENaC) pumping sodium into cells and basolateral sodium-potassium adenosine

triphosphatases (Na,K-ATPases) removing sodium from cells into the interstitium.®



Tight junctions

Tight junctions are protein complexes that form at contact sites between cells and provide a
selective barrier, working in concert to prevent fluid leak into airspaces from the bloodstream,
lymphatic system, and surrounding tissue. Thus they are critical in maintaining fluid balance in
the lung'78, regulating small molecule and ion paracellular movement between adjacent cells,
which in turn directs water flow through osmosis.?9 Tight junctions were first observed in the
1960s by transmission electron microscopy, when they were noted as the most apical contact
structures. They were described as ‘kissing points’ where the outer plasma membrane leaflets of
adjacent cells appeared to fuse, indicative of their barrier forming properties, while neighboring
junctions like adherens junctions and desmosomes were observed 15-20 nm apart. 20-22

The dual roles of tight junctions in cells have often been described as a “gate” function,
which regulates paracellular permeability and creates paracellular ion channels and a “fence”
function, defining the apical and basolateral sides of cells, which is necessary for directional
transcellular transport. They consist of transmembrane proteins, cytosolic scaffolding proteins,
and cytoskeletal proteins. The transmembrane proteins can be grouped by the number of
transmembrane regions — single transmembrane region proteins (JAMs, Crb3, CAR), triple
transmembrane region proteins (Bves), and four transmembrane region proteins (claudins, TJ-
Associated MARVEL Proteins (TAMPs)).

The predominant tight junction proteins directly regulating barrier permeability are
claudins. There are 27 claudins in mammals, most of which have a C-term PDZ binding motif
that interacts with scaffolding proteins. All have intracellular N- and C-termini, four
transmembrane regions, two extracellular loops, one intracellular loop and tend to anchor to the
actin cytoskeleton through interactions with the scaffolding proteins Zonula Occludens (ZO)-1, -
2 and -3. ZO proteins are necessary for tight junction formation.23 Most claudins interacts with

Z0-1 PDZ domain 1, occludin with ZO-1 hinge region and GuK domain, and tricellulin with a



Z0-1 binding site in the N-terminus. MarvelD3 interacts with occludin and tricellulin but not

Z0O-1.

Claudin classification

Mammalian claudins have been categorized based on sequence homology, forming historical
groupings of “classic” and “non-classic” claudins. Classic claudins are structurally similar
especially with regards to the second extracellular (EC) domain and have short C-terminal
cytosolic domains. Non-classic claudins have longer C-terminal domains and have more
heterogenous second EC domains within this grouping.24 The lung expresses both classic and
non-classic claudins, the most prevalent of which are classic claudins-1, -3, -4, -5, and -7, and
non-classic claudin-18. Claudin-18 protein is highly expressed in the alveolar epithelium but not
in the airways of the lung.252¢ Alternatively, claudins can be categorized functionally based on
their apparent ability to form paracellular pores, thereby increasing paracellular permeability,
or their ability to “seal” or decrease paracellular permeability. Of the prevalently expressed
claudins in the lung mentioned (claudins-1, -3, -4, -5, -7, and -18), all are considered sealing
claudins, though context should be considered when defining sealing properties. The diversity of
claudin expression in the lung hints at the necessity of maintaining a tight barrier in the lung
epithelium to restrict fluid leak.225

Put in more specific terms, sealing or barrier forming properties are simply defined as the
ability to “restrict free passage of water, ions, and larger solutes.”>” However, there are nuances
to describing the ways claudins can increase paracellular permeability. The pore pathway has
been described as “a high-capacity, size- and charge-selective paracellular route that appears to
be defined by the subset of claudins expressed.”2” This is distinguished from the leak pathway
described by as “a low-capacity, paracellular route that does not discriminate between solutes on

the basis of charge and allows limited flux of large molecules.” Classification of claudins as pore-



forming or sealing can be difficult, considering some claudins have different functional
outcomes depending on the cellular system or the other claudins present.

When first defining the barrier functionality of particular claudins, the effect of knockdown
or knockout of the particular claudin in animal models was observed. Claudins 1, 3, 5, 11, 14, and
19 were defined as clearly sealing in this way, due to the generation of severe tissue barrier
defects after knockdown or knockout.'” More direct measurements of paracellular permeability
such as electrical resistance and small molecule flux have also been used to define barrier
function particularly in in vitro models. For instance, overexpression of particular claudins in
cells with low resistance can give insight into the functionality of the overexpressed claudin.
Claudins-1 and -3 were found to significantly increase the barrier resistance of low-resistance
MDCK cells already expressing claudin-2.2829 However, barrier function is further complicated
given that electrical resistance is used as the basic measure of “tightness”, but electrical
resistance also includes electrochemical gradients created by ion channels, or transcellular ion
transport. Measuring both ion and small molecule permeability is needed to fully define the
sealing properties of claudins.

Pore-forming claudins can be defined as cation selective or anion selective. Claudins-2, 10b,
and 15 are cation selective while claudins-10a and -17 are anion selective.” Through careful
study, particularly with claudin-2, it was found that the extracellular domains, specifically
extracellular loop 1 (ECL1), are important for charge selectivity of pores and pore-forming trans
interactions. For example, the negatively charged D65 residue in the ECL1 of claudin-2 was
found to be necessary for cation selectivity.3%:3' The ECL1 of claudin-2 is also sufficient to form
homomeric trans-interactions, while the transmembrane (TM) region was necessary to form
claudin-2 homodimers, giving insight into how claudin-2 forms pores.3>33 Further evidence that
ECLx1 is responsible for pore-forming abilities of claudins comes from analysis of claudin-10

splice variants. Alternative splicing gives rise to claudin-10a and claudin-10b, which differ only



in their first TM and most of ECL1 but result in producing an anion-selective channel and
cation-selective channel respectively.34.35

Not all claudins have shown consistent results favoring categorization as strictly sealing or
strictly pore-forming. Claudins-4, -7, -8, and -16 show varying results when overexpressed or
knocked-down.?” For example, claudin-4 has been shown to be anion-selective or sealing
depending on the cell type it is overexpressed in.3¢37 The varying results could be due to
competition between different claudins present that can lead to displacement of certain claudins
within the tight junction. This is seen with claudin-2 displacement when claudin-8 is
overexpressed in MDCK II cells, leading to a decrease in paracellular cation flux, or inclusion in
the tight junction, as is seen with the requirement of claudin-8 for claudin-4 tight junction
recruitment in M-1 and mIMCD3 cells.38-4° For claudins-6, -9, 12, -13, -18, and -20 through -27,
even less is known about their sealing or pore forming capabilities. Some clues can be gathered
based on whether claudins are expressed in tight epithelia such as the skin or blood-brain
barrier or leaky epithelia such as the small intestines, but a strong categorization is difficult to
draw from correlative observations. For example, claudin-12 is expressed in both tight epithelia
(urinary bladder, blood-brain barrier) and leaky epithelia (jejunum and ileum of gastrointestinal

tract).7

Protein interactions within tight junctions

Claudins interact with other claudin proteins to form strands that are the basis of the mesh-
like networks encircling and connecting the apical portion of adjacent cells. Claudins can
interact both in cis (within the same cell membrane) and trans (in opposing cell membranes).
They can also interact in a homomeric (cis interactions) and homotypic (trans interactions)
fashion when the polymeric interactions are formed between the same claudin, and heteromeric
(cis interactions) and heterotypic (trans interactions) when polymeric interactions take place

between different types of claudins.17:18:41.42



The first high resolution structure of a claudin (claudin-15) provided more insight into
structural regions of claudins that promote cis and trans interactions.4344 The extracellular
regions of claudin-15 were determined to be a B-sheet structure composed of B-strands within
the extracellular loops. Variable regions between B-strands in both extracellular loops were
suggested to play a role in trans interactions, while cis interactions are thought to be mediated
by extracellular loop 1 (ECL1) and transmembrane domain 3 (TM3). Interestingly, TM3 is longer
than the other three transmembrane domains, which are similar in height to the plasma
membrane. Crosslinking experiments revealed that EC1 can bind to the exposed extracellular
region of TM3, and complimentary electrostatic potentials exist on the claudin-15 molecule,
which potentially facilitate cis interactions.+ TM2 of claudin-2 was found to be important for
homomeric cis interactions.45

The intracellular portions of claudins play an important role in interacting with cytoplasmic
proteins found within the tight junction. Each claudin has an intracellular N-terminal tail (4-5
residues), intracellular loop (~20 residues), and C-terminal tail that can vary in length from 21
to 106 residues.4¢ The C-terminal tail shows much sequence heterogeneity, though almost all
contain YV residues that serves as a PDZ-binding motif.47 The C-term tail can determine protein
stability and correctly target claudins to the tight junction complex. Post-translational
modifications of the C-term tail can affect claudin localization, regulating cis and trans
interactions, and thereby affecting function. Common post-translational modifications include
phosphorylation and palmitoylation.48-53 Of significance are claudin interactions with PDZ
domain-containing scaffolding proteins including the ZO-1, -2, and -3. ZO proteins act as a
backbone for tight junction assembly, tethering claudins to the actin cytoskeleton. Most
transmembrane proteins interact with at least one scaffolding/adapter protein.»

Cis and trans interactions between claudins is crucial to large-scale organization of tight
junction stands that regulate bulk transport between cells. The predominant model for strand

assembly is the joined anti-parallel double-row model based on insight from the claudin-15



crystal structure.43-445455 Two rows of anti-parallel claudins form a double row of cis-interacting
claudins. Claudins are stabilized by hydrogen bonds between adjacent -strands in neighboring
anti-parallel claudins (face-to-face cis interactions) and cis interactions between the
extracellular segments of claudins within each single parallel row. Two cis double rows on
adjacent cell membranes interact in trans, forming pores lined by B-strands contributed by four
rows of claudins.5¢ Assembled strands are dynamic structures that can branch, break, and

reanneal, which is believed to be of importance in the leak pathway and tissue remodeling.55:57

Tight junction recruitment and recycling

Claudin strands form the backbone of intercellular tight junction structures, but interactions
with other tight junction components are necessary for their formation.58 Adherens junctions
precede the formation of tight junctions, and ZO proteins are the first tight junction proteins to
be recruited to forming cell-cell contacts followed by JAM-A and occludin.59-6* ZO-1 and ZO-2
are necessary for tight junction assembly, as their absence prevent formation of tight
junctions.23%2 Recent studies show ZO proteins form phase separated membrane bound
compartments of concentrated ZO proteins, which can then recruit other tight junction
components including claudins, occludin, and actin possibly via a tension-induced mechanisms
that reveals binding sites on ZO proteins.®3 Actin polymerization was shown to be important in
driving the distribution of phase separated ZO proteins along cell junctions.®4 Interestingly,
claudins are added to the basolateral side of tight junctions instead of being directly added to
junctions like occludin. It is possible that claudins are specifically targeted to certain areas of the
tight junction strand network like strand breaks.%¢ Cholesterol and ceramides have also been
implicated tight junction formation since tight junctions have been associated with detergent-
insoluble membrane microdomains.®7-7° It remains unclear whether there is a dominant
mechanism of tight junction organization and recruitment or how these different components

work together to assemble tight junctions.



Tight junction proteins can leave the plasma membrane by endocytosis via many different
mechanisms including clathrin-dependent mechanisms and the clathrin-independent
mechanisms macropinocytosis and caveolae-driven endocytosis.”-73 Perhaps the most striking
is the bulk internalization of trans interacting tight junction proteins from opposing membranes
endocytosed into a single contributing cell.” Once endocytosed, tight junction proteins enter
early endosomes, where they are either recycled back to the membrane or targeted for
degradation. 75-78 Different tight junction components have varying levels of removal and

recycling. Actin and ZO-1 have high turnover rates while claudins are relative stable.27.79

Claudins in the alveolar epithelium

Major claudins in the alveoli are claudin-3, -4, and -18 with 97% of claudin mRNA encoding
one of these three claudins.8 Claudin-3 is the predominant claudin expressed in type II alveolar
cells, and is found at alveolar epithelial type I-type II junctions.8%82 Interestingly, overexpressing
claudin-3 increases permeability, suggesting that type I-type II junctions are leakier than type I-
type 1.83 This is in contrast to the sealing properties that claudin-3 contributes in other cell
contexts.28 Claudin-3 forms many hetero interactions with other claudins, including heterotypic
(trans) interactions with claudins-1, -2, and -5 and heteromeric (cis) interactions with claudin-
4.84-86 Tn lungs from alcohol-fed rats, claudin-3 expression is decreased, though claudin-3’s
specific role in regulating barrier function in this context is not clear.8”

Claudin-4 is expressed throughout the lung epithelium and acts as a sealing claudin in the
lungs.83 Interestingly, in claudin-4 knockout mice only a mild lung phenotype is observed. These
mice do experience mild impairment of alveolar fluid clearance and increased permeability to
large molecules despite no change to ion flux.88 Increasing claudin-4 expression in claudin-4
knockout mouse cells resulted in an increase in transepithelial resistance but did not affect small
molecule flux or change the ratio of sodium/chloride permeability (P(Na)/P(Cl)).83 Claudin-4 is

thought to be protective against lung injury, as it is increased in patients with ventilator-induced
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lung injury (VILI) and less claudin-4 correlates with increased ARDS severity.89-9° No change in
claudin-4 expression was reported with alcohol alone, but it does provide a possible therapeutic
target for prevention or mitigation of lung injury.8”

Of the three predominant claudins expressed, claudin-18 is specific to the alveoli while
claudin-3 and -4 are found in other parts of the lung. Claudin-18 is found in two isoforms,
claudin-18.1 specific to the lungs and claudin-18.2 found in the stomach. When claudin-18 was
knocked out in mice, there was little impact on overall lung fluid balance. This was due to
compensation for loss of claudin-18 by increased alveolar fluid clearance due to upregulation of
ENaC and Na,K-ATPase activity and additional compensation by cystic fibrosis transmembrane
conductance regulator (CFTR).% Claudin-18 deficiency was still associated with increased
permeability, despite compensatory mechanisms. Tight junction morphology is greatly affected
in the absence of claudin-18, leading to enlarged gaps between junctions and increased F-actin
staining at cell junctions along with increased claudin-3 and -4 expression.’-92 Claudin-18 has a
longer C-term tail and more tightly associates with cytoskeleton-linked scaffolding proteins than
claudin-3 and -4, suggesting that claudin-18 could play a role in cytoskeletal organization at the
junction.83:9193 Alcohol and inflammation have both demonstrated changes in claudin-18
expression.879495 However, comparison of claudin-18 knockout mice at postnatal day 3 and
week 4 reveals defects in alveolarization, suggesting claudin-18 could play an important role in
lung development.92 A role for claudin-18 in wound repair has been suggested, as claudin-18
deficient mice had increased alveolar epithelial type II cell proliferation through a Yes-
associated protein (YAP)-dependent mechanism. However, claudin-18 deficiency also led to
increased tumorigenesis with age, suggesting careful regulation is needed to make claudin-18 a

viable therapeutic target for lung injury.%°
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Alcohol and acute respiratory distress syndrome

Acute respiratory distress syndrome (ARDS) is a severe type of acute lung injury (ALI)
characterized by increased alveolar-capillary permeability (leak) and widespread accumulation
of protein, neutrophiles, and red blood cells in in the alveoli.9” This airspace flooding impairs
lung compliance (the lung’s ability to expand) and gas exchange including decreasing the body’s
ability to excrete carbon dioxide and absorb oxygen, both of which are predictors of mortality
with ARDS. ARDS presents a significant public health concern, with roughly 200,000 new cases
a year.%8 It can result from a multitude of insults including sepsis, pneumonia, trauma, and
ventilator-induced injury, and is associated with several comorbidities such as alcohol abuse and
smoking.9” Though the pathophysiology of this condition is well characterized, the mortality rate
remains high at 35 to 55 percent and there are no current pharmacological therapies.97-99

Surviving ARDS is dependent on the ability of the lung barrier to maintain fluid balance and
prevent severe airspace flooding.2°° Histology samples from patients with ARDS indicate that
diffuse alveolar damage is an early hallmark of this disease. To offset damage, alveolar epithelial
cells must quickly repair alveoli and reestablish a tight barrier.9” This is achieved through two
complementary processes, barrier function that controls fluid diffusion into the airspace and
sodium-driven fluid clearance. Tight junctions are of particular importance in alveoli, the small
air-filled sacs responsible for gas-exchange, which sustain much of the damage that leads to
airspace flooding in ARDS.17:101,102

Alcohol affects tight junction composition and decreases alveolar barrier function. This
balance is perturbed in the alcoholic lung, where there is increased paracellular leakage of fluid
into the airspace.123-1°5 Compensatory fluid clearance is able to sustain fluid balance, but the
alcoholic lung is primed for ARDS. The damaged lung barrier function seen with chronic alcohol
abuse puts these patients at a higher risk for ARDS; additional injury from sepsis, trauma, or

ventilator-induced injury can cause severe airspace flooding that can no longer be remediated by
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fluid clearance.'°5 Thus, improving lung barrier function will prevent the pathologic
consequences of ARDS.

Though the effects of alcohol on the lung have been conjectured, a notable study in 1996
conclusively showed alcohol as a risk factor for the development of ARDS.1°¢ An increased
susceptibility to acute lung injury and immune dysfunction associated with chronic alcohol
abuse encompass a pre-disease state referred to as the “alcoholic lung.” Though not outright
edema, the alcoholic lung is more susceptible to second hits that lead to lung flooding, including
sepsis, pneumonia, and trauma. The pathophysiology of the alcoholic lung is not fully known,
but work conducted by several groups over the past 20 years have provided insight into how

alcohol impairs the immune response, promotes oxidative stress, and facilitates lung flooding.

Oxidative Stress Due to Alcohol Exposure

Because lung airspaces are exposed to environmental oxygen, they are susceptible to
oxidative stress. Transforming growth factor § (TGFp) is one of the oxidative stress-producing
signaling pathways that is induced with alcohol. TGFf decreases the antioxidant glutathione
while increasing production of reactive oxygen species.°7-20 In addition, a major by-product of
alcohol metabolism is acetaldehyde, which leads to the generation of oxygen radicals and causes
lipid peroxidation.*»*2 The body combats oxidative stress through the production of
antioxidants such as glutathione. Glutathione is a thiol tripeptide molecule that can be found in
high concentrations (400 uM) in the fluid lining the alveoli.’314 Animal and human studies
have shown that chronic alcohol abuse is associated with decreased levels of glutathione, leaving
the lung more vulnerable to oxidative damage. Additionally, decreases in glutathione levels in
patients with a history of chronic alcohol abuse were associated with higher levels of
proteinaceous fluid in the lungs, indicative of cellular damage.'511¢ Glutathione in alveolar type

IT cell mitochondria was diminished with alcohol ingestion, correlating with mitochondrial
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dysfunction, decreased cell viability, increased alveolar barrier permeability and altered
surfactant production.7.118

Without proper levels of glutathione, the lung’s capacity to prevent oxidative damage is
significantly reduced. Furthermore, oxidized glutathione is present at higher levels in lung
lavage samples from alcoholic patients, indicative of oxidative stress in the lungs. These
compounding circumstances leave the lung vulnerable and more susceptible to ARDS should a
second oxidative stress occur like sepsis.’°5 Glutathione is present in both the cytosol and
mitochondria of type II alveolar epithelial cells, which are controlled by different pools of key
metabolites. For instance, in a rat model of chronic alcohol consumption, N-acetylcysteine was
only effective at preventing depletion of cytosolic pools of glutathione but did not prevent
mitochondrial pool depletion, alcohol-induced surfactant dysfunction, or decreased cell viability
(ref?).17-19 By contrast, the glutathione precursor procysteine was effective at preventing both
cytosolic and mitochondrial glutathione depletion and was more protective than N-
acetylcysteine against alcohol-induced effects in alveolar epithelial cells.

Alcohol ingestion has been shown to increase reactive oxygen species in mitochondria in
alveolar macrophages, affecting mitochondrial function and leading to impaired alveolar
macrophage phagocytosis.'20-122 This oxidative stress in mitochondria damages mitochondrial
DNA, leading to further dysfunction and triggering of an inflammatory response.'23-126 A recent
study focused on the effect of alcohol on mitochondria function in alveolar macrophages and
subsequent effects on barrier function in alveolar epithelial cells.»27 Alcohol treatment of mouse
alveolar epithelial and mouse alveolar macrophage cell lines caused damage to mitochondrial
DNA in both cell lines. Crosstalk between alveolar epithelial cells and alveolar macrophages
perpetuated damage induced by alcohol, causing reduced phagocytic function and barrier

function, exacerbating injury and inhibiting recovery mechanisms.
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Transcription factors associated with lung injury

NF-kB is a transcription factor that controls inflammation and is regulated by IxB. When
phosphorylated, IxB is degraded and can no longer sequester NF-«B, leaving NF-kB free to
translocate to the nucleus and activate “pro-inflammatory” genes including those involved in
cytokine production and responses to free radicals. When alveolar epithelial cells were treated
with pro-inflammatory cytokines (IL-18, TNFa, and IFNy), paracellular permeability increased
and reduced claudin-18 expression. Inhibition of the NF-kB pathway with an IkB kinase
inhibitor protected against this effect.94 Interestingly, in the absence of cytokine treatment,
treatment with IkB kinase inhibitors in alveolar epithelial cells from alcohol-fed rats did not
rescue barrier function, and in fact decreased barrier function.*28 In control cells, inhibition of
the NF-kB pathway similarly decreased barrier function and caused significant changes in tight
junction morphology. This suggests that though deleterious in inflammatory conditions, some
amount of baseline NF-«kB activity is necessary for alveolar barrier function.

Alveolar macrophages are important in eliminating invading pathogens and debris through
phagocytosis in addition to releasing cytokines and chemokines to recruit further immune
support. However, chronic alcohol abuse severely impairs alveolar macrophage function. For
instance, alveolar macrophages from alcoholic subjects have reduced phagocytic capacity.'29
Receptors for granulocyte/monocyte colony-stimulating factor (GM-CSF), a signaling molecule
that promotes macrophage maturation and function, were downregulated in alveolar epithelial
cells and alveolar macrophages in response to alcohol ingestion. This was due to an alcohol-
induced decrease in effects on PU.1, a transcription factor that acts as a master regulator of GM-
CSF signaling. Treatment of alveolar epithelial cells and alveolar macrophages with recombinant
GM-CSF restored macrophage function, PU.1 signaling and improved barrier function.30:13:

Zinc provides necessary immune support to the host, in addition to playing a vital role in
antioxidant synthesis and function.'32 Chronic alcohol ingestion decreases zinc bioavailability in

alveolar macrophages and alveolar epithelial cells.233 Studies found that treatment with zinc in a
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rat model of chronic alcohol abuse not only improved macrophage function but appeared to
reduce oxidative stress indicated by cysteine/cystine ratio (reduced/oxidized form
respectively).:3t Furthermore, this appeared to be in part due to restored signaling, indicated by
increased PU.1 (GM-CSF receptor expression) and Nrf2 (antioxidant response element
activation) nuclear binding. Alveolar macrophages from alcoholic patients had significantly
lower levels of intracellular zinc and phagocytic function when compared to controls but were
remarkably improved with zinc acetate and glutathione treatment.'29133 Unfortunately, this does
provide more evidence of inhibited lung immune function even in otherwise healthy alcoholic

patients, leaving them more susceptible to ARDS among other lung insults.

Barrier dysfunction

ARDS is characterized by widespread inflammation in the lungs, which can have its own
adverse effects including promoting barrier dysfunction. Lung flooding and the increased
proteinaceous fluid in lung lavage from alcoholic patients is in part due to a decrease in barrier
function of the alveolar epithelium. A rat model of chronic alcohol abuse demonstrated
increased lung epithelial permeability to a range of molecules.*¢ This is in large part due to
changes in tight junctions, protein complexes that form at contact sites between cells to regulate
the paracellular flow of small molecules, water, and ions between adjacent cells.»9 They are
critical in maintaining fluid balance in the lung, as they are the major functional units of the
lung epithelial barrier, with particular importance in alveoli as they sustain much of the damage
that leads to airspace flooding in ARDS.!7:100-102 Tjght junctions are composed of distinct protein
components that contribute to barrier function, including the claudin family transmembrane
proteins and scaffolding proteins like Zonula Occludens (i.e. ZO-1, ZO-2) that link claudins to
the actin cytoskeleton to promote barrier function.”

Alook at whether chronic alcohol abuse affects tight junction proteins revealed decreases in

key proteins including claudin-3, claudin-7, claudin-18, occludin, and ZO-1. Significantly,
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claudin-5 was increased with alcohol, though not a major claudin in the alveoli.8” Alcohol
treatment correlated with more tight junction strand breaks and intracellular claudin staining,
which has been noted along with decreased barrier function in other instances of increased
claudin-5 expression.26:81.82.87 Interestingly, when rat alveolar epithelial cells are removed and
cultured, the defects in barrier function persisted, hinting at possible epigenetic regulation of
this phenotype.

Though alcohol does not seem to cause edema alone, the lung is more prone to flooding.
This could be due to altered lung fluid levels via increased net sodium flux by directly increasing
Na,K-ATPase and ENaC. It is possible this is a mechanism meant to compensate for alcohol-
induced leakiness.!34-13¢ This is mediated in part by cytokines such as TGF, which also was
associated with changes in tight junction morphology and actin rearrangement.'s” Though
originally it was thought that TGF could be mitigating damage in acute lung injury, it is now
known that TGFp could be further contributing to lung flooding.:38 TGFB was found to be
upregulated in the presence of alcohol in both alveolar epithelial cells and alveolar
macrophages.'39-14° Furthermore, integrin avp6, which can act as a receptor for the inactive
TGFp complex, is upregulated in response to alcohol. TGF is usually bound in a latent complex
and inactive until binding with a receptor either triggers active TGFp release, which then binds
other receptors to induce different cellular signaling pathways.4! Inflammatory conditions like
sepsis can cause an increase in the amount of active TGF released into the airspace,
compounding the effects of alcohol-induced TGFp upregulation. In addition to promoting
inflammation in the lungs, TGFB dampens the ability to recover from oxidative damage and
injury by downregulating zinc importers, inhibiting glutathione synthesis, and decreasing GM-
CSF signaling in alveolar macrophages.142-146

The ability of alveolar epithelial cells to repair wounds left by damaged and apoptotic
alveolar cells is crucial in mitigating alveolar flooding. Increases in markers of apoptosis in

alveolar epithelial cells are associated with ARDS.47-149 Additionally, alcohol consumption
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increases cell death in alveolar cells, and affects the wound repair response.7:119 The
extracellular matrix that alveolar epithelial cells interact with can trigger cell proliferation,
migration, and wound healing. Though laminin and type IV collagen are the primary
components in normal alveolar extracellular matrix, injured alveoli are often repaired with
matrix enriched with fibronectin and type I collagen to facilitate rapid establishment of the
epithelium.'5015t However, increased inflammation and proliferation of fibroblasts can occur
with continued exposure to fibronectin-rich matrix.’52153 Chronic alcohol and alcohol-induced
products like TGFf can increase fibronectin expression and cause fibrosis, which can lead to
worse outcomes in ARDS.'54-157 Preventing migration of invading neutrophils and fibroblasts

into the airspace is necessary to control the immune response and avoid fibrosis development.

Cytoskeletal interactions and tight junction morphological changes

Changes in tight junction morphology have been observed accompanying changes in claudin
expression. When primary rat lung alveolar type II epithelial cells were treated with TGFf1, a
decrease in claudin-18 and an increase in the rearrangement of claudin-18 and ZO-1 into spike-
like protrusions at the membrane was observed.'s” This increase in spike-like structures and
decrease in claudin-18 was associated with a decrease in barrier function. Conversely, treatment
of rat alveolar epithelial cells with GM-CSF, which stimulates barrier recovery in the lungs,
resulted in a decrease of claudin-18 spikes and increase in barrier function. These claudin-18
spikes colocalized with F-actin bundles perpendicular to the membrane with TGFf1, while
combined treatment with GM-CSF or GM-CSF alone showed a decrease in F-actin colocalization
with claudin-18 spikes. Treating rat alveolar epithelial cells with an IxB kinase inhibitor
decreased overall claudin-18 expression and resulted in claudin-18 spikes associated with F-
actin bundles perpendicular to the membrane. This change in tight junction morphology was
likewise accompanied by decreased barrier function and discontinuous ZO-1 and ZO-2 staining

along with an increase in claudin-4 and claudin-5 expression.28 This expands on observations
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made by Li, et al in claudin-18 KO mice AEC monolayers, in which the loss of claudin-18
conferred a decrease in barrier function and increased F-actin near the plasma membrane.
Although not quantified, ZO-1 staining of monolayers reveals spike-like structures at the
membrane.o Treating rat alveolar epithelial cells with methanandamide increased the
expression of claudin-3 and -5 significantly with claudin-5 being 12-fold higher than control
cells. This increase in claudin expression was associated with a decrease in barrier function and
the appearance of spike-like protrusions in ZO-1 and occludin staining similar to those observed
with a decrease in claudin-18.82 This suggests that changes in morphology could be conveying
these changes in barrier function. Alternatively, the parallel changes give clues as to how
claudins could be interacting with other tight junction proteins in the membrane and suggest
these spike-like structures could be areas of unincorporated tight junction proteins.
Interestingly, many of the examples that relate altered tight junctions and decreased barrier
function seem to have changes in the actin cytoskeleton in common. Assembly of tight junctions
is regulated in part by the actin cytoskeleton.'58-16* Mechanical force is thought to play a role in
association of tight junction proteins with ZO-1 by revealing binding sites on Z0O-1.93 A study
conducted in MDCK II cells found that a weak link between actin and ZO-1 was necessary for
higher barrier permeability, whereas a stronger affinity between ZO-1 and actin actually reduced
barrier function.’®2 An example of pulling forces exhibited by the actin cytoskeleton directly
leading to morphological changes at the junction can be seen in the formation of focal adherens
junctions (FAJs). These FAJ structures are marked by VE-cadherin, actin bundles, and vinculin
and are formed from linear adherens junctions. Inhibition of Rho/Rock-actomyosin contractility
inhibits FAJ formation. Interestingly, a mutated a-catenin incapable of binding vinculin resulted
in FAJs that readily opened with force induction (thrombin).163164 This suggests that changes in
the way force is distributed in cells can result in changes in barrier function and ultimately the
structure. The cytoskeletal rearrangment accompanying these changes in tight junction

morphology imply a role for claudins in regulating the cytoskeleton at the tight junction. This
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hypothesis along with other observed tight junction morphologies is elaborated on in Chapter 2

of this dissertation.

Scope of dissertation

Though it is well established that changes in the expression and composition of tight
junction proteins can drastically affect barrier function, the molecular mechanisms that control
tight junction regulation and assembly require further characterization.8s Our lab has
extensively examined factors that affect tight junctions in alveolar epithelial cells (AECs) and
therefore affect lung barrier function.87.128137 While investigating the effect of alcohol abuse on
tight junctions in primary AECs, our lab observed a novel rearrangement of claudin-18 into
structures perpendicular to the cell junction interface, which we refer to as TJ spikes.
Furthermore, formation of TJ spikes correlated with impaired barrier function in primary AECs,
providing evidence that tight junction rearrangement is likely to have pathophysiological
consequences. Understanding how TJ spikes form requires reconsidering tight junction
assembly.

In Chapter 2, I along with fellow graduate student and Koval lab member Raven Peterson,
compiled and summarized the research done on tight junction morphologies, specifically ruffles
and spikes, in epithelial cells and their effects on barrier function. Though several groups have
observed differences in tight junction morphologies with protein expression and barrier
function, a cumulative review of these studies has not been published. Not only could
morphological changes serve as an indicator of barrier strength, these changes could also lend
new insight into protein-protein interactions at tight junctions and how these interactions
regulate barrier function. It also emphasizes evidence suggesting claudins can regulate scaffold
protein and cytoskeleton interactions, thereby affecting tight junction morphology and barrier

function.
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In Chapter 3, I contributed to the work of former post-doc Barbara Schlingmann to
understand the role of claudin-5 in barrier dysfunction with chronic alcohol consumption.
Though barrier dysfunction has been associated with chronic alcohol abuse both clinically and
with in vivo models, the role of claudins in conferring alcohol-induced barrier dysfunction has
not been elucidated. Using an in vitro rat model of chronic alcohol abuse, claudin-5 was found
to be expressed significantly higher in cells from alcohol-fed rats. The barrier function
measurements transepithelial resistance and dye flux were used to correlate claudin-5
overexpression as necessary and sufficient to decrease barrier permeability. Additionally,
alcohol and claudin-5 overexpression were associated with a change in tight junction
morphology, specifically an increase in the number of cells with tight junction spikes. Through
the use of super-resolution microscopy technique stochastic optical reconstruction microscopy
(STORM) and proximity ligation assays, overexpression of claudin-5 correlated with an increase
in claudin-5/claudin-18 co-localization and a decrease in claudin-18/Z0-1 co-localization. This
suggests that claudin-5 cis interactions with claudin-18 disrupt interactions with scaffolding
protein ZO-1, perhaps displacing claudin-18 from the tight junction complex integrated with the
cytoskeleton. The prevailing model of tight junction assembly suggests that claudins assemble
into tight junctions driven by interactions with scaffolding proteins and head-to-head
interactions with tight junction proteins on adjacent cells.23:47:165166 Qur lab challenged this
model by demonstrating for the first time that cis claudin-claudin interactions can alter the
ability to form a complex with the ZO-1 scaffold protein, disrupting assembly into barrier
forming tight junctions. This evidence that tight junction assembly could be regulated by a
change in claudin-18 interacting proteins suggests new routes to therapeutically improve barrier
function by targeting factors that are responsible for rearrangement of claudin-18 into TJ spikes.
Additionally, live-cell imaging revealed budding and fusion of vesicle-like particles at tight
junction spikes. When treated with the endocytosis protein (dynamin) inhibitor Dynasore, the

number of cells with tight junction spikes decreased, suggesting that tight junction spikes could
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be areas of increased tight junction turnover and dynamin could be involved in tight junction
spike function or formation. We found that the overexpression of claudin-5 in rat AECs
contributed significantly to impaired barrier function and promoted the formation of spike-like
protrusions at tight junctions, with ZO-1 and claudin-18 localized to spikes. Treating the cells
with a peptide that antagonizes claudin-5 restored the barrier function and decreased the
number of cells with the spike-like protrusions.

In Chapter 4, I used the observations we previously made in our rat model in Chapter 3 to
further characterize tight junction spikes at a molecular level. By live-cell imaging, tight junction
spikes appear to be relatively stable structures once formed. We auspiciously captured two tight
junction spikes forming, which led to the observation that tight junction spikes undergo several
morphological changes during formation. These different tight junction spike morphologies
were captured in fixed samples imaged using the super-resolution_Stimulated Emission
Depletion (STED) microscopy technique. This technique allowed us to quantitatively determine
increased enrichment of claudin-18 in tight junction spikes from control cells compared to
spikes from alcohol cells. While the effects of dynamin inhibitors on rat lung alveolar epithelial
cells have been measured, dynamin protein expression and localization were not fully
characterized. We determined that dynamin-2 was the dominant dynamin isoform expressed by
alveolar epithelial cells and show it was localizated to cell-cell junctions. We demonstrated an
overall decrease in the number of tight junction spikes with Dynasore treatment. Interestingly,
we noticed a change in actin morphology that accompanied the decrease in tight junction spikes
with Dynasore treatment. We observed directional protrusion of tight junction spikes away from
B-catenin rich junctions. Using a novel method for observing localized permeability, we
observed an increase in permeability in cells overexpression claudin-5. Taken together, we
demonstrated the heterogeneity of tight junction spikes and both a morphological and
molecular level and suggest a possible role for dynamin-2 in tight junction spike formation

through rearrangement of junctional actin.
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In Chapter 5, I summarize my unpublished work on elucidating the local proteome of
claudin-18 using BioID, a method of biotinylating proteins proximal to a BirA-conjugated
protein (in this case, claudin-18). My results enabled identification of multiple candidate
claudin-18 proximal proteins and revealed many untested interaction pathways that will be
further investigated for their ability to regulate tight junction morphology and barrier function.
Additionally, the experiments detailed in Chapter 5 provide a guide for conducting and
troubleshooting future BioID experiments with BirA-claudin-18.

My dissertation research features a body of work focused on characterizing tight junction
spikes and investigating their role in barrier function. I used a variety of established and novel
techniques to examine and quantitatively assess tight junction spike composition and changes in
tight junction spike populations in the context of chronic alcohol and claudin-5 overexpression.
The findings from this body of work suggest a possible mechanism of tight junction spike-
formation involving cytoskeletal changes facilitated by dynamin-2. The implications and future

directions of this work are discussed in Chapter 6.
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Abstract

Epithelial barrier function is regulated by a family of transmembrane proteins known as
claudins. Functional tight junctions are formed when claudins interact with other
transmembrane proteins, cytosolic scaffold proteins and the actin cytoskeleton. The
predominant scaffold protein, zonula occludens-1 (ZO-1), directly binds to most claudin C-
terminal domains, crosslinking them to the actin cytoskeleton. When imaged by
immunofluorescence microscopy, tight junctions most frequently are linear structures that form
between tricellular junctions. However, tight junctions also adapt non-linear architectures
exhibiting either a ruffled or spiked morphology, which both are responses to changes in claudin
engagement of actin filaments. Other terms for ruffled tight junctions include wavy, tortuous,
undulating, serpentine or zig-zag junctions. Ruffling is under the control of hypoxia induced
factor (HIF) and integrin-mediated signaling, as well as direct mechanical stimulation. Tight
junction ruffling is specifically enhanced by claudin-2, antagonized by claudin-1 and requires
claudin binding to ZO-1. Tight junction spikes are sites of active vesicle budding and fusion that

appear as perpendicular projections oriented towards the nucleus. Spikes share molecular
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features with focal adherens junctions and tubulobulbar complexes found in Sertoli cells. Lung
epithelial cells under stress form spikes due to an increase in claudin-5 expression that directly
disrupts claudin-18 / ZO-1 interactions. Together this suggests that claudins are not passive
cargoes controlled by scaffold proteins. We propose a model where claudins specifically
influence tight junction scaffold proteins to control interactions with the cytoskeleton as a

mechanism that regulates tight junction assembly and function.

Introduction

A major epithelial function is to provide a barrier that separates two distinct
microenvironments, the apical and basolateral compartments of a wide range of organs. To
support a physiologically functional barrier, epithelial cells must be selectively permeable to ions
and solutes. Selective permeability requires cells to regulate two different pathways across the
epithelial barrier: the transcellular and the paracellular routes that occur through and between
cells, respectively.

Paracellular transport is regulated by specialized intercellular points of contact that form the
apical junctional complex (AJC), which separates polarized cells into distinct apical and
basolateral domains. The AJC encircles each cell, pairing with neighboring cells to create an
adhesive network formed by several classes of intercellular junctions, including adherens
junctions, tight junctions, gap junctions and desmosomes.2 The AJC also establishes the
apical/basolateral polarity axis by organizing the Crumbs and Partitioning defective complexes.3
The multifunctional nature of the AJC enables intercellular communication (gap junctions),
provides mechanical integrity to epithelial monolayers (adherens junctions and desmosomes)
and acts as a signaling hub that is sensitive to cell contact through differential interactions
between transmembrane and cytosolic junction proteins.4 In addition, the AJC also serves as a

site for recruitment and organization of the actin cytoskeleton.® 5
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Tight junctions are the AJC component that regulates paracellular barrier permeability to
water, small molecules, and ions (Figure 2.1). The main determinants of tight junction-regulated
paracellular permeability are claudin-family transmembrane proteins. Claudins form
paracellular ion channels of varying specificity and permeability (reviewed in citations 6-8).
Tissue-specific claudin composition allows for organ-specific paracellular permeability. Claudin
composition and assembly into tight junctions is also sensitive to environmental stressors, such
as inflammation. Moreover, claudins do not act in isolation. In concert with other
transmembrane proteins, including other claudins, MarvelD proteins (e.g. occludin, tricellulin)
and Ig-superfamily proteins (e.g. JAM-A), claudins form complexes with cytoplasmic scaffold
proteins that regulate interactions with the actin cytoskeleton. In addition to their role as
paracellular channels, there is increasing evidence that claudins can also serve as part of a
signaling hub through their specific interactions with different classes of scaffold proteins.o 1©

In addition to the regulation of ion and water permeability, tight junctions also regulate the
paracellular flux of soluble molecules, including large macromolecules.®* Soluble molecules do
not move through stable, claudin-based pores. Instead, their diffusion across tight junctions is
due to transient discontinuities that create a path of diffusion.'> 3 Tricellular junctions also form
a path for paracellular diffusion of soluble molecules that is regulated independently from
bicellular tight junctions.+-'5 Here, we consider changes to the morphology of bicellular tight
junctions that correlate with increases in paracellular permeability.

One implication of the ability of claudins to differentially recruit tight junction scaffold
proteins is that changes in claudin composition can impact scaffold/cytoskeletal interactions,
thereby affecting the overall organization of tight junctions. This can be recognized by two
characteristic non-linear tight junction morphologies that we refer to here as “tight junction
ruffles” and “tight junction spikes”. Tight junction ruffles (Figure 2.2b) are largely parallel to the
cell-cell contact but they differ from linear tight junctions (Figure 2.2a) in that they deviate from

the most direct path interconnecting tricellular contact sites. By contrast, tight junction spikes



46

are structures that are perpendicular to tight junctions along sites of cell-cell contact (Figure
2.2¢). As indicated in Figure 2.2 and described in detail below, linear tight junctions, ruffles and
spikes are associated with characteristic differences in the organization of junction associated
actin filaments.

In addition to tight junction ruffles and spikes, non-continuous distributions of claudins
(e.g. strand breaks and puncta) at cell-cell contact sites also can influence paracellular
permeability. Ruffles, spikes and strand breaks all correlate with impaired paracellular barrier
function and thus provide a valuable indicator of altered assembly of tight junction proteins.

In this review, we describe signal transduction events that induce changes in claudin
composition driving changes in tight junction morphology to regulate barrier function. We
propose a model where interactions between claudins, scaffold proteins, and the actin
cytoskeleton alter tight junction morphology and function by influencing the balance of tension

at intercellular junctions.

Ruffled Junctions

When imaged by immunofluorescence microscopy, tight junctions typically appear as a
relatively straight, continuous line that connects tricellular contact points (Figure 2.3), however,
there are several conditions where tight junctions exhibit a ruffled morphology.' 1617 Ruffled
tight junctions have been observed for several years (e.g. citations 18, 19) and more recently
were first systematically quantified by Tokuda et al.2° in a study correlating changes in claudin
expression by MDCK cells with differences in the extent of tight junction ruffling.

Other terms used to describe ruffled tight junctions include: wavy 2123, tortuous 20:24-26,
undulating 827, serpentine * 26 or zig-zag 2% 28, Referring to these structures as tight junction
ruffles parallels the term plasma membrane ruffles, formed by the leading edge of migrating

cells.29 In addition to comparable morphology, the mechanisms that drive plasma membrane
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ruffles at the leading edge and tight junction ruffles are likely to be comparable, (e.g. actin
reorganization and branching by factors such as WASP).30

To date there have not been any examples of other junction proteins showing a ruffled
morphology. Although there are no a priori reasons why other classes of junctions (e.g. adherens
junctions) could not assume a ruffled conformation, junctional ruffles are likely unique to tight
junctions. For instance, E-cadherin localization is not ruffled in intestinal epithelial cells that
are forming tight junction ruffles.3

Ruffled junctions have a distinct appearance (Figure 2.3) and can be quantified by a measure
sometimes referred to as the “zig zag index”.2° The zig zag index is the actual path length of a
tight junction between two tricellular junctions (A) divided by the minimum path length (B). A
junction is considered ruffled if A/B is significantly larger than 1, where 1 is a completely
unruffled (or linear) tight junction.

Tight junction ruffling frequently correlates with increased paracellular permeability (or
leak) 2732, although that is not always the case.2° One intriguing hypothesis is that ruffling
increases permeability by increasing tight junction circumference, thus enabling more
functional claudin channels per cell.24 In addition, ruffled and linear tight junctions are
differentially associated with actin which is also likely to have an impact on their barrier
function.>3

Many stimuli have been shown to induce ruffling, including molecular manipulation of tight
junction proteins, impaired oxygen signaling, integrin-mediated signaling and direct mechanical
stimulation. Examples of each of these stimuli and the impact they have on claudin composition

and tight junction morphology are described below and in Table 2.1.

Roles for claudin/ZO-1 interactions in tight junction ruffling
Claudins interact with each other both across tight junctions (trans-interactions) and within

tight junctions (cis-interactions).33-35 In addition the claudin C-terminal cytoplasmic domain
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interacts with cytosolic scaffold proteins, which crosslink these proteins to the cytoskeleton and
can also act as a signaling hub.34 3637 Foremost among these is the tight junction scaffold
protein zonula occludens-1 (ZO-1), which has a PDZ1 domain that binds to the “YV” motif found
at the extreme C-terminus of most, but not all claudins.38 Other proteins that interact with the
claudin YV motif include ZO-2 and ZO-3 39, as well as other non-ZO related proteins such as the
E3 ubiquitin ligase LINXp80 and COPII cargo sorting protein Sec24C, both of which have been
shown to play a role in regulating incorporation of claudin-1 into tight junctions via vesicular
trafficking.40 41

Z0-1 helps crosslink claudins to the actin cytoskeleton and is uniquely implicated in the
control of junction ruffling. This was demonstrated in MDCK II cells where ZO-1 depletion or
low levels of ZO-1 resulted in tight junctions that were highly linear, whereas high levels of ZO-1
expression were associated with significant tight junction ruffling.2°

MDCKII cells engineered to be deficient in five claudins (MDCK quinKO) show non-ruffled,
linear ZO-1 labeling under the control of JAM-A, underscoring a need for claudins in the
formation of ruffled junctions.42 Tight junction ruffling is unique to ZO-1/claudin interactions,
since knocking out or overexpressing ZO-2 or ZO-3 has little effect on tight junction
morphology.2° Moreover, in order for ZO-1 to induce tight junction ruffles, it needs to have both
the actin binding motif as well as the U6 region of the GUK domain.43 Interestingly, the ZO-1 U6
domain plays a key role in conformational shifts in ZO-1 that limit occludin binding.43 44 This
further supports a model where ZO-1 binding to claudins, but not occludin, form more ruffled
junctions in contrast to the linear tight junctions produced with ZO-1 binding concurrently to
claudins and occludin.

When MDCK II cells are transduced to overexpress ZO-1, the increase in tight junction
ruffling is also associated with an increase in tight junction-associated claudin-2.2° Consistent
with a role for claudin-2 in regulating tight junction ruffling, MDCK I cells, which express low

levels of claudin-2, tend to have less ruffled tight junctions than MDCK II cells that express high
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levels of claudin-2.29 45 Claudin-2 is a pore forming claudin that increases tight junction ion and
water permeability.4% 47 Ruffled junctions have a higher capacity for claudin-2, which likely
further enhances this effect.24

Claudin-2 competes with other claudins for the ability to integrate into tight junctions,
including claudin-1, claudin-4 and claudin-7.20-48.49 Although claudin-2 is less efficiently
assembled into tight junction strands than claudin-1 and claudin-4 5°, claudin-2 has a longer
half-life 5* and thus remains more effectively associated with tight junctions as compared with
claudins having a shorter half-life. Control of claudin-2 turnover is a function of the C-terminal
domain and does not require ZO-1 binding, suggesting that other, as yet unknown, factors
uniquely regulate claudin-2 integration into tight junctions.5!

Although high levels of claudin-2 correlated with tight junction ruffling, MDCK II cells
deficient in claudin-2 expression did not have fully linear tight junctions.4% Instead, increased
expression of other claudins is also required to fully linearize tight junctions. For instance,
claudin-2 deficient MDCK II cells transduced with exogenous claudin-4 have more linear tight
junctions than claudin-2 deficient cells alone.5° The ability of other claudins to influence
formation of ruffled or linear tight junctions will require screening them for their effect on tight
junction morphology and permeability.

How claudin-2 influences tight junction ruffling remains to be determined, although
evidence is emerging that different claudins can influence downstream interactions between ZO-
1 and other scaffold proteins. For instance, ZO-1 enhances assembly of claudin-1 into tight
junction strands through interactions with the PDZ1 and PDZ3 motifs of ZO-1, whereas claudin-
2 assembly requires the PDZ1 and PDZ2 motifs.52 Potential roles for the ZO-1 PDZ2 motif in
claudin-2 recruitment into tight junctions include the PDZ2 motif mediating ZO-1 dimerization
53 or binding to other scaffold proteins. As one possibility, claudin-2 may promote folding of ZO-
1into a conformation that promotes binding of the F-BAR protein TOCA-1 complexed to WASP,

leading to termination of branched actin filaments at junctions (Figure 2.4). 54
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Claudin-dependent switching of ZO-1/scaffold protein complexes also provides a potential
mechanism where the orientation of actin filaments interacting with tight junctions can switch
between cortical (parallel to the plane of the plasma membrane) and filamentous (roughly
perpendicular to the plasma membrane) (Figure 2.2). In this model, the tension exerted on
ruffled tight junctions is higher than linear junctions, yet still symmetrical across the plane of
the junction.

It is well established that myosin light chain kinase (MLCK) and rho family kinases regulate
barrier function by altering the magnitude of tension on tight junctions. 55:5¢ Differential
tension can also lead to changes in ZO-1 conformation that can affect its function and ability to
interact with other proteins, including claudins.5” In addition to tension, flow can also impact
barrier function. For instance, blood flow through veins is much slower than through arteries,
and veins are considerably more permeable than arteries.58 5 Consistent with this difference in
permeability, venous endothelial cells have more ruffled junctions and are associated with actin
stress fibers as opposed to arterial endothelial cells that form high resistance barriers and have
linear junctions associated with cortical actin.°

Taken together, this suggests a model where claudin-directed reorientation of the actin
cytoskeleton coordinated with changes in actomyosin-mediated tension regulates tight junction
morphology and barrier function. Consistent with this model, tight junction ruffling was
reversed by treatment with the myosin inhibitor blebbistatin, further underscoring a role for

actin-associated tension in ruffle formation.2°

Hypoxia-induced tight junction ruffles

Epithelial barrier function is highly sensitive to changes in oxygen tension, where each
epithelial tissue has a particular oxygen set point ranging from hyperoxia (high oxygen tension)
to hypoxia. The lung is an example of a hyperoxic tissue whereas the intestine and,

counterintuitively, skin are hypoxic.61-63
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Oxygen tension is sensed by the Hypoxia Inducible Factor (HIF)-1a and HIF-2a (Endothelial
PAS Domain Protein 1; EPAS1) transcription factors that act in concert with HIF-13.64.65 At
normoxia, prolines on HIF transcription factors become hydroxylated targeting them to the
proteasome to be degraded. However, in hypoxia, the non-hydroxylated forms of HIF-1a and
HIF-2a translocate to the nucleus where they activate gene transcription.

Although HIF-1a and HIF-2a activate different subsets of the genome (e.g. citation 31) both
influence epithelial tight junctions, since depletion of either of these proteins experimentally or
due to chronic inflammation impairs barrier function.® 67 Specifically, it has been demonstrated
in human intestinal epithelial cell lines that knockdown of either HIF-1a 27 or HIF-2a 3! induces
a ruffled tight junction morphology as determined by immunofluorescence as well as decreased
barrier function.

Despite the comparable effects of shRNA knockdown on tight junction morphology and
permeability, HIF-1a and HIF-2a have different mechanisms of action. HIF-1a is directly linked
to claudin-1 expression, since HIF-1a knockdown in intestinal and esophageal epithelial cells
decreases claudin-1 and reporter assays demonstrate that HIF-1a interacts with the CLDN1
promoter.27- %8 HIF-1 depleted cells show reduced claudin-1 expression (because of the impact
on HIF-1a) and increased tight junction ruffling. Critically, transducing HIF-1B depleted cells to
overexpress claudin-1 reverses the ruffled tight junctions into a linear morphology and restores
barrier function, indicating a direct role of claudin-1 in regulating paracellular permeability that
corresponds with tight junction assembly.2”

In contrast to HIF-1a, HIF-2a does not directly regulate claudin-1 transcription 68, despite
the observation that HIF-2a knockdown also induces tight junction ruffling. Instead, HIF-2a
depletion decreases expression of several key enzymes involved in creatine metabolism,
including creatine kinase M (CKM) and creatine kinase B (CKB), enzymes that otherwise co-

localize with E-cadherin and ZO-1.3! Critically, creatine supplementation rescues intestinal
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epithelial barrier function of HIF-2a deficient cells in vitro and a dextran sodium sulfate
inflammatory bowel disease model in vivo, underscoring a role for localized energy metabolism
in regulating tight junction morphology and function. It remains to be determined whether CK
and claudin-1 overlap or represent parallel pathways that regulate the extent of tight junction
ruffling.

While increasing claudin-1 expression leading to increased barrier function is due in part to
the barrier forming properties of claudin-1 %, the precise mechanisms whereby claudin-1
changes tight junction morphology have not been fully elucidated. As described above, the
influence of claudin-1 on ZO-1 function can affect the recruitment of other proteins that can then
affect tight junction morphology. However, with the exception of ZO-1, specific claudin-1
interacting proteins that determine whether tight junctions are ruffled or linear have not yet

been identified.

Integrin-stimulation by nanostructured surfaces

Contact of the basal surface of cells with the extracellular matrix has a considerable impact
on cell phenotype and function, which is a key element in the ability to produce organoid
cultures that faithfully mimics differentiated cell behavior in native tissues.” Specifically,
receptors known as integrins bind to extracellular matrix components regulating the
organization of the actin cytoskeleton that, in turn, have several downstream consequences
impacting cell function.” In addition to the native biological substrates for integrins, recent
work has determined that integrin contact with synthetic, nanostructured surfaces alters
epithelial barrier function in a geometry-dependent manner. 32 The effects of nanostructured
surfaces on cells depend on several parameters, including feature aspect ratio, density, pattern
and substrate chemistry.32

Several classes of nanostructured surfaces imprinted on inert polymers have been shown to

increase paracellular permeability through direct contact with 1 integrin.'®- 7 This has utility for
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design of devices for transdermal delivery of macromolecular therapeutics (e.g. Etanercept),
since coating microneedles with a nanostructured surface significantly enhances macromolecule
delivery as compared with bare stainless steel microneedles by increasing keratinocyte
transepithelial permeability.” Agents delivered transdermally via nanostructure coated
microneedles also are more effectively delivered to the cardiovascular and lymphatic systems by
an as yet unknown mechanism.7-72:73 One possibility that remains to be tested is that dermal
cells stimulated by nanostructure contact secrete factors promoting downstream vessel
permeability.

Epithelial cell contact with specific nanostructured surfaces increases paracellular leak and
causes junctions to become ruffled.' 1617 This is accompanied by decreased expression of
claudin-1 V7, consistent with the effect of HIF-1a knockdown described above. Claudin-4
expression is also reduced by nanostructure contact, which may be directly associated with an
effect of nanostructures on integrins, since claudin-4 is closely associated with f1 and a2
integrin.74

In addition to the effects on claudin expression, nanostructure contact also stimulates focal
adhesion kinase (FAK) and MLCK activity, both of which were required for the increase in
paracellular permeability.'¢- 7 Whether the changes in claudin expression and kinases have an

additive or redundant effect on tight junction morphology is not yet known.

Ruffles formed by mechanical stimulation

Mechanical stimulation of cells can also lead to tight junction ruffling and changes in
paracellular permeability. A particularly dramatic example of this is cyclic stretch of Caco-2
cells.2s Cyclic stretch activates MLCK, suggesting a potential mechanism comparable to the
effect of nanostructured surfaces on cells. Cyclic stretch also activates other kinases JNK and
Src, which phosphorylate ZO-1 and occludin 23 and are likely to influence their ability to interact

with each other (e.g. citations 75-77) and potentially other proteins. Consistent with the effects
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of mechanical stress on tight junction assembly, precision cut lung slices subjected to stretch
caused dissociation of claudins from ZO-1 in lung epithelial cells.”® Moreover, cells transduced
with constitutively activated MLCK show regions of localized ruffling that are deficient in

claudin-1, further underscoring a role for claudin-1 in maintaining linear tight junctions.8

Tight junction spikes and discontinuities

In contrast to tight junction ruffles, tight junction spikes are an asymmetric deviation from
linear tight junction morphology. Tight junction spikes appear as projections at cell-cell
interfaces that orient in a perpendicular direction from junctions towards the nucleus (Figure
2.5). The asymmetry of tight junction spikes is shared by a comparable adherens junction
structure, focal adherens junctions, that also can be asymmetric and have been studied in
considerable detail (reviewed in citations.79, 80). Several other terms have been used to
describe focal adherens junctions 8, including: perpendicular junctions 82 83, spot junctions 84,
discontinuous junctions 8385, punctate junctions 83, junction-associated intermittent
lamellipodia 8¢ and buttons 8. A comparable structure formed by desmosomes has been referred
to as linear arrays # and another formed by gap junctions has been referred to as filadendrites
89,

Here we distinguish tight junction spikes from clearly discontinuous tight junctions, in that
spikes typically project from intact regions of intercellular tight junctions. 83 87.90-92 While
visually distinct, tight junction discontinuities and spikes also are quantifiable by image analysis
of the relative amount of continuous, punctate and perpendicular junctions 8393, segmentation
image analysis 94 or neural network analysis of patterns of junctional disruption based on
differential labeling intensity 92.

Tight junction spikes differ from focal adherens junctions which are usually punctate. Also,
tight junction spikes formed by alveolar epithelial cells are clearly distinct from adherens

junctions, since they are deficient in the cadherin-binding protein $-catenin, which instead is
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localized to areas that are adjacent to areas where tight spikes are formed.% The punctate nature
of focal adherens junctions may reflect dissolution of lateral cadherin interactions that are
weaker than trans cadherin interactions and thus more easily disrupted by increased tension.%:
97 Another key difference is that tight junction spikes are more likely form from mature tight
junctions as opposed to focal adherens junctions that tend to be precursors to fully mature
adherens junctions.”9 82

Tight junction discontinuities generally correlate with gross disruption of the actin
cytoskeleton 55 98 leading to paracellular leak. By contrast, tight junction spikes align with actin
filaments perpendicular to intercellular tight junctions.999.1°0 Actin also has a comparable role
in organizing spikes formed by desmosomes 88 and gap junctions 89.

Although tight junction ruffles and spikes are both organized by actin filaments that are
perpendicular to the plane of the plasma membrane, they differ in that ruffles are organized by
comparable, symmetric actin filaments on both sides of the AJC, however the arrangement of
actin in spikes is asymmetric (Figure 2.2). Also, spikes are organized along the actin filaments
(much as linear junctions are aligned along cortical actin) whereas ruffles are tethered to them.
Otherwise, the molecular mechanisms that underlie tension generation and induces ruffle and
spikes are comparable (e.g. MLCK, Rho kinase activation).55 56 Several other molecular features
are conserved between ruffles and spikes, including recruitment of vinculin 1782 and F-BAR

proteins 54 81 as regulators of cytoskeletal tension and membrane curvature, respectively.

Tight junction spikes as organizers of vesicular traffic

It has long been appreciated that formation of adherens junctions precedes tight junction
formation. o This has previously been associated with the relative strength of trans interactions
between cadherins as opposed to claudins. A more subtle role for adherens junctions in
stabilizing tight junctions was revealed by an examination of a-catenin-deficient EpH4 epithelial

cells, which were subject to constitutive delivery and endocytosis of claudin-3 to the plasma
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membrane.*°2 The inability of a-catenin-deficient cells to form tight junctions was not due to a
loss of mechanical junction stability, but instead was linked to an imbalance in plasma
membrane cholesterol content. Replenishing cell cholesterol re-established the assembly of
claudin-3 into tight junctions and stimulated the formation of claudin-3 containing spikes that
also contained cholesterol.r°2 These findings are consistent with previous studies demonstrating
that tight junction proteins preferentially partition into cholesterol enriched microdomains 03
but extend this observation to include spikes as well as established tight junctions.

Although tight junctions appear to be relatively stable structures, in fact they are highly
dynamic and are readily endocytosed.'°41°7 In cells subjected to oxidative stress, tight junction
spikes serve as active “hot spots” for vesicle budding and fusion.°8 Moreover, Eph4 epithelial
cells plated at low density form tight junction spikes at cell-cell interfaces between two cells
migrating in opposite directions that show double membrane structures by electron microscopy,
indicating that one cell endocytoses both halves of a tight junction.’°4 These data suggest that
tight junction spikes are associated with responses to cell stress and/or tension. Whether spikes
reflect unique vs. constitutive processes that regulate tight junction turnover is an open question
at present.

Tight junction spikes are reminiscent of a structure found in seminiferous tubule junctions,
the basal tubulobulbar complex.**9 Tubulobulbar complexes are enriched in claudin-11, which
has a limited pattern of expression and may be uniquely required for their formation.°
Tubulobulbar complexes are enriched for actin, actin-binding proteins, dynamin and are active
sites of vesicle budding and fusion, all of which are associated with tight junction spikes in other
epithelial cells.

Interestingly, tubulobulbar complexes are also associated with endoplasmic reticulum-
plasma membrane (ER-PM) contact sites, which form a calcium signaling-complex that controls
junction remodeling.”* A comparable ER-PM contact site is also involved in epidermal growth

factor receptor (EGFR) endocytosis and signaling.*2 It also has been shown that in MDCK II
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cells, EGFR specifically induces claudin-2 endocytosis, but not claudin-1 endocytosis.'s Whether
claudin-2 turnover induced by EGFR occurs by a spike-mediated pathway is not known at
present.

Claudin endocytosis is a regulated process. Moreover, different claudins are internalized by
different endocytic pathways 15, which provide mechanisms to regulate barrier function by
differential regulation of endocytosis. For instance, claudin-1, claudin-2 and claudin-4 are
internalized by clathrin-mediated endocytosis, however claudin-5 is preferentially internalized
by caveolar endocytosis.105 107113 Since claudins form complexes, it is likely that lateral claudin-
claudin interactions can influence the endocytic pathways that mediate claudin turnover.33. 35 114

Stimulation of acinar epithelial cell mAChR with carbachol induces claudin-4
phosphorylation, resulting in formation of a complex with B-arrestin2, subsequent
internalization of claudin-4 and loss of barrier function.'°7 Inhibiting clathrin-mediated
endocytosis prevented the loss of claudin-4 and preserved barrier function. Involvement of tight
junction spikes in this process was revealed by treatment with the proteasome inhibitor MG132,

which stabilized spike-associated claudin-4 and also preserved barrier function.

Spikes formed in response to chronic alcohol exposure are due to impaired claudin/Z0O-1
interactions

Chronic alcohol abuse is a risk factor for poor outcome in acute respiratory distress
syndrome.5 116 This is due, in part, to the deleterious effect of alcohol exposure on lung
epithelial barrier function.”” Increased paracellular leak across alveolar epithelial cell
monolayers is accompanied by an increase in tight junction spikes (Figure 2.5).208 The effects of
alcohol on alveolar epithelial tight junctions, including increased leak and stimulation of spike
formation, can be recapitulated by TGFf1 99 and antagonizing GM-CSF 9, indicating that alcohol

causes an imbalance in lung epithelial cytokine signaling.
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Claudin-18 is prominently expressed by alveolar epithelial cells however, the healthy lung
epithelium expresses low levels of claudin-5.118 In response to alcohol exposure, alveolar
epithelial cells increase claudin-5 expression, which correlates with an increase in tight junction
spikes containing claudin-18.1°8 Increased claudin-5 expression was both necessary and
sufficient to induce spikes in alveolar epithelial cells. Using super-resolution microscopy and the
proximity ligation assay to measure protein-protein interactions in situ, it was determined that
increased claudin-5 binds to claudin-18 and inhibits it from interacting with ZO-1, resulting in
increased tight junction spike formation (Figure 2.6).208

Although the precise mechanism by which claudin-5 affects claudin-18/Z0-1 interactions
remains to be determined, it seems likely that there will be other examples of claudin-claudin
interactions that affect organization of the tight junction scaffold. One possible model is that
claudin-5 binding to claudin-18 causes a conformational shift in the C-terminus of claudin-18
displacing ZO-1 and enabling other, as yet unknown, factors to interact with claudin-18 (Figure
2.6). Whether this is the case will require identifying proteins that preferentially interact with

spike associated claudin-18.

Roles for claudins in regulating tight junction ultrastructure

There is a considerable literature examining tight junctions at the ultrastructural level, using
freeze fracture scanning electron microscopy, demonstrating a diversity of tight junction
organization as meshworks that differ in strand number, shape and organization. By and large,
tight junction permeability inversely correlates with meshwork depth and strand number (e.g.
citations 119-121) although this is not always the case.’>2 Tight junction ruffles do not necessarily
correlate with changes in ultrastructure since there are examples where ruffled junctions do 43
and do not *® have accompanying changes in tight junction ultrastructure that can be detected by

freeze fracture electron microscopy.
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Claudins are required to form tight junction strands at the ultrastructural level 4> 123 and the
architecture of the tight junction meshwork is sensitive to claudin composition. For instance,
overexpression of claudin-3 by MDCK cells causes a transition from an angular to a curved loop
meshwork structure and decreased strand breaks 24. The third transmembrane domain of
claudin-3 has a unique bent conformation that has been directly linked to the control of tight
junction strand morphology by altering claudin packing.25 Increased claudin-4 expression by
MDCK cells produces tight junctions that have a reticular network of parallel strands, whereas
high levels of claudin-2 expression are associated with curved stands that are diffuse.'22

Imaging using conventional confocal immunofluorescence microscopy has a limit of
resolution of 200 nm. This is not sufficient resolution to detect strand breaks in the range of 20
nm - 200 nm, which are associated with increased paracellular leak due to changes in claudin
expression.'24 126 Super-resolution fluorescence microscopy has the capacity to image tight
junction strands at high enough resolution to reveal differences in the ultrastructural meshwork
formed by different claudins; this was demonstrated by analysis of claudin-null HEK293 cells
transfected to express claudin-3 or claudin-5, which showed differences in tight junction
ultrastructure that could be detected by freeze fracture electron microscopy and Spectral
Position Determination Microscopy.'?” In native alveolar epithelial cells, tight junction spikes
were detected by stochastic optical reconstruction microscopy (STORM).°8 However, alveolar
epithelial cells are squamous and have a limited tight junction meshwork architecture 128129, so
STORM did not detect any meshwork changes associated with tight junction spikes. Using
super-resolution microscopy to assess ultrastructural changes formed by native claudins in
cuboidal epithelia feasible using current technology, but likely challenging, since it will require

super-resolution in the x-z axis in addition to the x-y plane.
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Summary and future directions

Tight junction assembly and function are influenced by protein composition, post-
translational modifications and the internal and external mechanical forces they are subjected
to. Most models emphasize the impact of actin and the cytosolic scaffold on the assembly and
behavior of claudins. However, evidence is emerging that this is a reciprocal relationship, where
claudins themselves can be active determinants of scaffold protein conformation and function.

Claudins associated with ruffles are assembled into tight junctions. However, it is not known
whether claudins associated with tight junction spikes are assembled into bona fide tight
junctions. Cells forming tight junction spikes show evidence that intact tight junctions are
maintained when they were engulfed by one cell from another.04 198 However, it is also possible
that spikes contain a pool of non-junction associated claudins. One method to distinguish
whether spike associated claudins are fully integrated into tight junctions is to use Fluorescence
Recovery After Photobleaching (FRAP) analysis of YFP-tagged claudins which can differentiate
junction associated claudins, based on rate and extent of recovery.4® If spike associated claudins
are not junctional, they could serve other roles. For instance, non-junctional pools of claudin-7
along the lateral plasma membrane regulate tumor cell growth and migration.3°. 13

Since most approaches to measure epithelial permeability are based on overall
measurements of an intact monolayer or tissue, the impact of tight junction morphological
changes on paracellular permeability have not been well elucidated. Electrophysiologic methods
that rely on scanning live cell monolayers to map local paracellular ion permeability have been
developed, although these are difficult to use and correlate with tight junction morphology
because they are low throughput.32.133

Several imaging approaches have been established that enable local permeability to be
measured. This includes a fluorescence barrier permeability assay based on plating cells on a
biotinylated substrate that are subsequently probed with fluorescently tagged streptavidin and

imaged by fluorescence microscopy (XPerT assay).'34 The XPerT assay has been successfully use
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to identify sites of localized barrier dysfunction, primarily in endothelial cells monolayer.78: 135-137
The ZnUMBA assay based on zinc permeability and a fluorescent reporter molecule represents
another approach to visualize localized barrier permeability.38 Coupling imaging methods with
cells expressing fluorescently tagged tight junction proteins will enable sites of paracellular leak
to be identified relative to areas where tight junctions are not linear.

Many advances have been made in defining the tight junction proteome, including the use of
BiolID to identify proteins that are in close proximity to ZO-1, claudin-4 and occludin.? 139 The
utility of this approach is underscored by the finding that the N- and C- terminal domains of ZO-
1 interact with different proteins.’39 Further expanding the use of BioID to identify proteins that
interact with other claudins comparing conditions where tight junctions are linear, ruffled or
forming spikes are anticipated to help define mechanisms where claudins control tight junction
morphology and could help identify new proteins specific to ruffled or spike morphologies.

The ability of claudins to influence their own assembly and integration into tight junctions is
beginning to be appreciated. Claudin-1, claudin-2 and claudin-5 have been associated with
linear, ruffled and spiked tight junctions respectively. The ability of other claudins to influence
tight junction morphology is less well established. In addition, the effect of claudins on tight
junction morphology is likely to be context sensitive, especially due to interactions with other
claudins present in tight junctions, and remains to be determined.

Undoubtedly, C-terminal domains of different claudins bind to different protein substrates,
however, evidence is now emerging that claudins can influence the behavior of scaffold and
other proteins. By analogy with connexins 140142  the C-terminal domains of claudins are likely to
be intrinsically disordered having significant structural plasticity. ZO-1 also has intrinsically
disordered domains, is mechanosensitive and can exist in different phase states 143,
underscoring the concept that tight junction assembly is highly context dependent with respect
to both local protein composition and biophysical mechanical state. Taken together, we propose

a model where complexes between different claudin C-terminal domains and scaffold proteins
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influence each other to fold into unique conformations. One implication of this model is that
determining the regulation epithelial paracellular barrier function will require taking into
account how the reciprocal interplay between claudins, scaffold proteins and cytoskeletal

tension affect tight junction assembly and function.

Acknowledgements
Supported by NIH grants Ro1-AA025854 and Ro1-HL137112 (MK), F31-HL139109 (KSL) and

F31-GM130112 (RJP). We thank Jennifer Sucre for critical reading of the manuscript.

Author contributions
Raven J. Peterson researched and was lead author of sections on tight junction ruffles. K.
Sabrina Lynn, researched and was lead author of sections on tight junction spikes. All co-

authors contributed to interpretation, preparation and editing of the manuscript.

Abbreviations

AJC — apical junctional complex

BAR - Bin/Amphiphysin/Rvs

EGFR - epidermal growth factor receptor

FRAP - Fluorescence Recovery After Photobleaching
GUK - guanylate kinase

HEK — Human Embryonic Kidney

HIF - hypoxia induced factor

mAChR - muscarinic acetyl choline receptor

MDCK — Madin Darby Canine Kidney

MLCK — myosin light chain kinase



63

PDZ - postsynaptic density protein (PSD95), Drosophila disc large tumor suppressor (DIgA),
and zonula occludens-1 protein (ZO-1)

TOCA - Transducer of Cdc42 dependent actin assembly

WASP - Wiskott—Aldrich syndrome protein

XPerT - express micromolecule permeability testing

ZnUMBA - Zinc-based Ultrasensitive Microscopic Barrier Assay

Z0 — zonula occludens



64

Figure 2.1
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Figure 2.1 Protein composition of tight junctions and adherens junctions. Shown is a
subset of transmembrane, cytosolic scaffold and cytoskeletal proteins associated with tight
junctions (occludin, claudin, ZO-1, ZO-2) and adherens junctions (cadherin, a-catenin, (3-

catenin).
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Figure 2.2

Figure 2.2 Roles for actin in control of tight junction morphology. A. Linear tight
junctions showing cortical actin and symmetrical forces perpendicular to the plane of the
membrane (k, =k,). B. Tight junction ruffles, with tight junctions tethered to actin perpendicular
to cortical actin and subjected to higher, symmetrical forces than linear junctions. C. Tight

junction spikes subjected to asymmetrical tension (k; > k). and oriented along actin stress

fibers.
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Figure 2.3
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Figure 2.3 Quantitation of tight junction ruffles. A. ZO1 in HIF1 deficient Caco2 cells
has a ruffled appearance. Transfection to overexpress claudin-1 cDNA normalizes ZO1
distribution to a linear morphology. B. Quantification of tight junction ruffling was performed
by dividing the actual junction length (dotted line A) by the distance between tricellular
junctions (dashed line B). Examples of ruffled (left) and linear (right) tight junction morphology

are shown. Reproduced with permission. 27
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Figure 2.4
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Figure 2.4 Model for claudin-directed changes in ZO-1 conformation. A. Claudin-1
binds to ZO-1 in a conformation enabling interactions with occludin that promote association
with actin in a cortical orientation, parallel to the plane of the plasma membrane. B. ZO-1
associated with claudin-2 is proposed to have an alternative conformation. Shown here are
induced interactions with TOCA-1 (crescent) and WASP (red bar), potentially re-orienting

actin/ZO-1 interactions into a conformation that favors tight junction ruffling.
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Figure 2.5
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Figure 2.5 Tight junction spikes induced in lung epithelial cells. Alveolar epithelial
cells isolated from alcohol or control-fed rats were cultured for 7 days on Transwell permeable
supports and immunolabeled for claudin-18. Cells from alcohol fed rats showed enhancement of
tight junction spikes, that are claudin-18 projections perpendicular to the cell-cell interface
(arrowhead). Square regions in the top panels correspond to magnified images below. Note
strand breaks, puncta and other discontinuities in claudin-18 present in cells from alcohol-fed

rats (Bar, 10 um). Reproduced with permission. 08
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Figure 2.6
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Figure 2.6 Model for claudin-claudin interactions affecting scaffold protein
binding. A. Tight junctions enriched for claudin-18 show significant binding with ZO-1, as well
as other associated proteins, indicated by the blue square, that orient actin in a cortical
orientation (equivalent to Figure 2.3A). B. Increased claudin-5 interacts with claudin-18 to
prevent an interaction with ZO-1. The red oval and grey circle denote putative C-terminal
interacting proteins that bind to claudin-18 in the absence of ZO-1. In this model, claudin-5 is

proposed to induce a conformational change in the C terminal domain of claudin-18 (arrows).
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Stimuli inducing ruffled tight junctions
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Stimulus Effecton Effect on Effect on Reference
Claudins TER paracellular flux

High expression  Cldn-2 No Variable degrees of  Tokuda, et al. 20
of ZO-1 high, Cldn- significant changes in

1, cldn-7 change permeability, but

low no real pattern
ZO-1truncation nd nd nd Fanning et al. 19-43
mutants
TOCA-1 No change No Increase 3kDa Van Itallie, et al. 54
expression in cldn-2 significant ~ Dextran

change
KD HIF1B Decrease Decrease Increase FITC Saeedi, et al. 27
knockdown cldn 1 dextran (3, 10, 40
kDa)

KD HIF-2a nd Decrease nd Glover, et al. 3t
knockdown
Reoxygenation Increasein  Decrease Increase FITC- Jin, et al. 2
after anoxia cldn-4 dextran
injury
MLCK activation Local Decrease Increase inulin, Shen, et al. 18

decreases in mannitol

cldn1
Cyclic stretch nd nd Increase FITC Samalk, et al. 23

inulin

VAV3 nd Decrease nd Hilfenhaus, et al. ¢©
inactivation
Nanostructure Decrease Decrease Increase FITC-BSA, Kam, et al. €,
contact cldni, 4 FITC-IgG, Walsh, et al. 7,

Etanercept

Stewart, et al. *
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Abstract

Claudins are tetraspan transmembrane tight junction proteins that regulate epithelial
barriers. In the distal airspaces of the lung, alveolar epithelial tight junctions are crucial to
regulate airspace fluid. Chronic alcohol abuse weakens alveolar tight junctions, priming the lung
for acute respiratory distress syndrome (ARDS), a frequently lethal condition caused by airspace
flooding. Here we demonstrate that in response to alcohol, increased claudin-5 paradoxically
accompanies an increase in paracellular leak and rearrangement of alveolar tight junctions.
Claudin-5 is necessary and sufficient to diminish alveolar epithelial barrier function by
impairing the ability of claudin-18 to interact with a scaffold protein, Zonula Occludens 1 (ZO-1),
demonstrating that one claudin affects the ability of another claudin to interact with the tight
junction scaffold. Critically, a claudin-5 peptide mimetic reverses the deleterious effects of
alcohol on alveolar barrier function. Thus, claudin controlled claudin-scaffold protein

interactions are a novel target to regulate tight junction permeability.
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Introduction

There are ample clinical data demonstrating that alcoholics are at increased risk of ARDS
compared to non-alcoholic patients due to a failure in lung fluid clearance leading to airspace
flooding which critically impairs gas exchange across the alveolar epithelium. 2 Dietary alcohol
significantly impairs alveolar epithelial cell tight junctions that are required to provide a barrier
between fluid filled tissues and the airspace.3 However, the molecular basis for the effects of
alcohol on alveolar epithelial tight junctions is not well understood. Here we have used isolated
primary rat alveolar epithelial cells (AECs) that differentiate into a model type I monolayer that
enables barrier function to be studied at a molecular level. Rats fed dietary alcohol for 8 weeks
provide an animal model system that faithfully recapitulates the pathologic consequences of
chronic alcohol ingestion on lung barrier function.4 5 Moreover, primary cells derived from
alcohol-fed rats (“alcohol-exposed AECs”) have impaired barrier function that persists in vitro,
as compared with AECs isolated from animals fed an isocaloric control diet.

Thus, we studied cultured polarized AECs derived from control and alcohol fed animals as a
model system that reflects the behavior of these cells in vivo in forming the alveolar barrier.
AECs from alcohol-fed animals have significant changes in tight junction protein expression that
are associated with a decrease in epithelial barrier function. Among these changes is an increase
in claudin-5 expression. By molecular manipulation of AECs we find that claudin-5 is both
necessary and sufficient to disrupt AEC tight junctions. Increased claudin-5 expression induces
the formation of claudin-containing structures perpendicular to the axis of the cell-cell interface
(tight junction spikes) that are active sites of vesicle budding and fusion. The appearance of
tight junction spikes correlates with increased paracellular leak between AECs. Using several
complementary approaches, including super-resolution microscopy and the proximity ligation
assay, we find that claudin-5 interacted with claudin-18 and that this decreases the ability of
claudin-18 to productively interact with ZO-1. This provides the first example of one claudin

affecting the ability of another claudin to interact with the tight junction scaffold. This
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mechanism is targetable using a claudin-5 mimetic peptide, suggesting a potential therapeutic

approach to promote alveolar barrier function.

Results
Chronic alcohol alters lung tight-junction permeability.

The difference between AECs isolated from control- and alcohol-fed animals (alcohol-
exposed AECs) is demonstrated in Figure 3.1a-c, using two different measures of barrier
function: transepithelial resistance (TER) and paracellular flux to soluble tracer molecules.
Consistent with an increase in paracellular leak, alcohol-exposed AECs had significantly
decreased TER and showed increased flux of both calcein (0.62 kDa) and Texas Red Dextran (10
kDa). Thus, alcohol exposure has a deleterious effect on AEC tight junctions, consistent with
previous reports.4 ©

As claudins are central to the regulation of tight junction permeability 7-9, claudin protein
composition of control- and alcohol-exposed AECs cultured on Transwell permeable supports
was examined by immunoblot. The decrease in AEC barrier function induced by alcohol
correlated with decreased claudin-4 protein (Figure 3.1d,e). Claudin-1, claudin-3 and claudin-7
were unaffected. However, AEC-associated claudins did not simply decrease in response to
alcohol. Instead, claudin-5 was significantly increased in alcohol-exposed AECs as compared
with control AECs (Figure 3.1d,e), consistent with previous analysis of freshly isolated type II
cells and AECs cultured on tissue culture plastic.'® There also was a trend towards increased
claudin-18 in alcohol-exposed AECs as compared with control AECs (p=0.15, n=3, unpaired
two-tailed t-test). Since there was increased paracellular leak accompanying increased claudin-5
expression, we examined the effects of claudin remodeling in response to alcohol to determine

whether this had a destabilizing effect on tight junctions.
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Increased claudin-5 causes increased paracellular leak.

In particular, increased claudin-5 expression by lung epithelial cells has previously been
associated with an increase in paracellular leak by alveolar epithelial cells.’* To confirm whether
increased claudin-5 was sufficient to increase paracellular leak, we examined the dose response
of increased YFP-claudin-5 expression using an adenovector to transduce primary AECs. A four-
fold increase in claudin-5 expression [(YFP-claudin-5+claudin-5)/claudin-5] significantly
decreased TER (Figure 3.1f-h) and increased paracellular flux (Supplementary Fig. 1a,b).
Critically, this level of YFP-claudin-5 expression is in the physiologic range, comparable to the
increase in endogenous AEC claudin-5 expression induced by alcohol (Figure 3.1e). In the
converse experiment, lentiviral shRNA constructs were used to decrease claudin-5 expression
(Supplementary Table 1). As shown in Figure 3.1i-k, using shRNA to decrease claudin-5
expression by AECs from alcohol-fed rats caused a significant increase in TER and also
decreased paracellular flux (Supplementary Fig. 1c,d).

Since claudin-4 decreased in response to dietary alcohol, it could also have a negative impact
on AEC barrier function in combination with increased claudin-5. Thus, we examined whether
increased claudin-4 could rescue the effects of alcohol on AECs. As shown in Supplementary Fig.
2a, alcohol-exposed AECs transduced with CFP-claudin-4 had only a partial increase in TER
compared to control AECs. Moreover, the effects of increased claudin-4 were antagonized by a
concurrent transduction with YFP-claudin-5. That claudin-5 countered the ability of claudin-4
to promote paracellular barrier function suggests that these claudins are directly interacting.
Formation of complexes containing native claudin-4 and native claudin-5 was confirmed by co-
immunopurification analysis of AECs (Supplementary Fig. 2b). We also observed using co-
immunopurification that native claudin-5 directly interacts with native claudin-18 and ZO-1
(Supplementary Fig. 2g). These data further support the hypothesis that increased claudin-5 has

a deleterious and dominant effect on other claudins and thereby impairs AEC barrier function.
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Tight junction spikes are associated with barrier disruption.

As revealed by immunofluorescence microscopy of claudin-18 (Figure 3.2a), AECs from
alcohol-fed rats have changes in tight junction morphology, most notably increased formation of
tight junction spikes (Figure 3.2d), which are actin-associated structures perpendicular to the
axis of the cell-cell interface that correlate with an increase in paracellular leak. 45 Normal AECs
transduced to express increased claudin-5 also showed an increase in claudin-18 containing
spikes, comparable to the effect of alcohol on tight junction morphology (Figure 3.2b,e).
Morphologic disruption of tight junctions was not restricted to claudin-18, as claudin-5 (Figure
3.2b) and ZO-1 (Supplementary Fig. 3j-1) were also impaired in YFP-claudin-5 transduced AECs.
To determine whether ZO-1 disruption was specifically linked to increased claudin-5, we
examined the effect of increased YFP-claudin-3 on ZO-1 localization by AECs and found there
was little effect on tight junction morphology based on localization of claudin-18
(Supplementary Fig. 3g-i) or ZO-1 (Supplementary Fig. 3m-0).2 In a complementary
experiment, we determined whether the ability of alcohol to induce formation of tight junction
spikes was antagonized by depleting claudin-5 using ShRNA. As shown in Figure 3.2c,f, this was
the case for two different specific claudin-5 shRNAs. Thus, claudin-5 was necessary and
sufficient to enhance formation of tight junction spikes.

To rule out an effect of YFP-claudin-5 expression on levels of other key AEC tight junction
proteins, we examined expression of claudin-1, claudin-3, claudin-4, endogenous claudin-5,
claudin-7, claudin-18 and ZO-1 by AECs transduced with YFP-claudin-5. As shown in
Supplementary Fig. 4, YFP-claudin-5 expression had little effect on total levels of these tight
junction proteins in AECs. We also wanted to ensure that the effects of YFP-claudin-5 on AECs
were not due to the N-terminal YFP tag. AECs transduced with untagged claudin-5 faithfully
recapitulated the effects of alcohol on these cells, namely increased formation of tight junction

spikes and impaired barrier function (Supplementary Fig. 5).
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Although tight junction spikes correlated with diminished paracellular barrier function, how
spikes were mechanistically linked to paracellular leak was not known. We hypothesized that
spikes represented areas of enhanced tight junction protein reorganization, which is known to
increase paracellular leak. To address this, we used AECs expressing YFP-claudin-18 that were
adjacent to untransfected AECs (Figure 3.2g,h). Note that YFP-claudin-18 acts to label tight
junction spikes in live cells and did not induce formation of spikes in a manner comparable to
claudin-5. Spike associated YFP-claudin-18 was found to be internalized by neighboring, non-
transduced cells, suggesting that the adjacent cells internalized claudin-18 from neighboring
cells. Moreover, co-localization of ZO-1 to YFP-claudin-18 was variable, since there were readily
visualized YFP-claudin-18 structures that lacked co-localization with ZO-1(Figure 3.2h;
arrowheads) although claudin-18 and ZO-1 did co-localize in other spike-associated structures
(Figure 3.2h; arrows).

To further characterize the behavior of claudins associated with tight junction spikes, we
used live cell imaging microscopy of alcohol exposed AECs transduced to express either YFP-
claudin-5 (Figure 3.3a,b; Supplementary Video 1) or YFP-claudin-18 (Figure 3.3¢c,d;
Supplementary Video 2), which revealed the dynamic nature of tight junction spikes. Specifically
claudin-labeled vesicles were found to both fuse with (Figure 3.3a,c) and bud from (Figure
3.3b,d) tight junction spikes. To further confirm that spikes were sites of active claudin vesicle
formation and fusion '3, we examined the effects of the dynamin inhibitor Dynasore 4 on spike
formation by alcohol-exposed AECs. Consistent with this, treatment with Dynasore at 160 uM
for 4 h caused a significant decrease in the number of cells with tight junction spikes (Figure
3.3e,f) comparable to the number of cells containing spikes observed for untreated control AECs
(Figure 3.3e,g). Dynasore treated cells also showed an increase in punctate YFP-claudin-18
labeling, which likely represents secretory and endocytic vesicles that are inhibited from fusing
with target intracellular membranes by Dynasore. Since an increase in tight junction spikes

correlated with decreased barrier function, these data suggest that increased vesicle-mediated
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trafficking of claudins both into and out of tight junctions contributes to paracellular leak in

response to alcohol.

Claudin-5 alters interactions between claudin-18 and ZO-1.

Since tight junctions are multi-protein complexes, paracellular barrier function requires
coordinating heterologous interactions between tight junction proteins. In intact cell junctions,
protein-protein interactions are reflected by co-localization of two or more proteins in the same
intracellular location when resolved at sufficient resolution. To understand how alcohol-induced
changes affect tight junctions at a molecular level, we examined AECs isolated from control- and
alcohol-fed rats by a form of super-resolution immunofluorescence microscopy, STochastic
Optical Reconstruction Microscopy (STORM), which has an X-Y resolution down to 20 nm
(Figure 3.4, Supplementary Fig. 6). 516 By the nature of the technique, STORM provides
images that are composed of point densities, resulting in a particulate image at high
magnification. We noticed that STORM images obtained using the same labeling and imaging
conditions appeared to have differences in the size of particulate clusters when comparing
control vs alcohol-exposed AECs. Thus, we quantified the distribution of particulate clusters
(Supplementary Fig. 7). STORM imaging of normal AECs showed that claudin-18, claudin-5
and ZO-1 clusters had median areas of 1240, 1410 and 1590 nm? respectively (Supplementary
Fig. 7g-1). By contrast, alcohol-exposed AECs had claudin-18, claudin-5 and ZO-1 clusters with
median areas of 1410, 1000 and 1120 nmz2, respectively. The alcohol-induced decrease in
median cluster size for claudin-5 and ZO-1 was significant, as determined by Mann Whitney U
test, however, Claudin-18 cluster size was statistically unchanged. Since these images were
obtained using the same labeling and imaging conditions, the change in claudin-5 and ZO-1
cluster size induced by alcohol is likely to reflect tight junction re-organization in response to
alcohol, despite the inability to assign a specific physiologic correlate to particulate clusters. As

shown in Figure 3.4 and Supplementary Fig. 6, STORM images of AEC tight junctions showed a
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predominant linear intercellular complex with some projections and limited meshwork
architecture. Some images also showed tight junction spikes. This contrasts with the super
resolution images obtained by Kauffmann, et al.’” using a comparable technology (Spectral
Position Determination Microscopy) to analyze claudin-transfected HEK293 cells expressing
claudin-3 or claudin-5 at levels optimized to form a native-equivalent junctional meshwork on
the apical surface. Nonetheless, it was not surprising that STORM analysis of AECs did not show
an extensive meshwork since tight junctions between adjacent type I AECs in situ were shown to
have a fairly limited architecture. 1319 Moreover, STORM images are obtained using the Total
Internal Reflection Fluorescence mode of illumination and so any junctional elements
perpendicular to the narrow plane of focus would not be revealed using our approach. Here we
optimized the STORM imaging conditions for co-localization analysis between tight junction
proteins as opposed to maximizing imaging resolution.

STORM enabled quantitative differences in co-localization to be measured, as we performed
these measurements where crosstalk between the two different channels was minimized
(Supplementary Fig. 8). In alcohol-exposed AECs, there was a significant decrease in co-
localization between claudin-18 and ZO-1 as compared with control AECs (Figure 3.4d).
Conversely, there was an increase in co-localization between claudin-18 and claudin-5 in AECs
isolated from alcohol-fed rats as compared with controls (Figure 4e). This reciprocal
relationship supports the hypothesis that in response to interacting with claudin-5, claudin-18
dissociates from ZO-1.

To further investigate the alcohol induced changes in ZO-1:claudin-18 co-localization, we
examined AECs using the proximity ligation assay (PLA) which has a resolving power of 30-40
nm. 221 As shown in Figure 3.5 and Supplementary Fig. 9, PLA analysis of claudin-18 and ZO-1
in control AECs gave a robust signal. Negative controls are shown in Supplementary Fig. 10. By
contrast, alcohol-exposed AECs had a significantly diminished PLA signal (Figure 3.5¢).

Conversely, claudin-18 and claudin-5 had a PLA signal that was increased in alcohol-exposed
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AECs as compared with control AECs (Figure 5n). ZO-1:claudin-5 co-localization was
comparable for control and alcohol-exposed AECs although the PLA signals have a slightly
different appearance because the cluster size for both ZO-1 and claudin-5 is sensitive to alcohol
(Supplementary Fig. 7). These results parallel our analysis of the effects of alcohol on claudin-
18, claudin-5 and ZO-1 co-localization by STORM (Figure 3.4d-f). Thus, two independent
approaches demonstrate that ZO-1:claudin-18 proximity was diminished by alcohol and
correlated with an increase in claudin-18:claudin-5 proximity.

To determine whether increased claudin-5 was sufficient to decrease association of claudin-
18 and ZO-1, we examined AECs transduced with YFP-claudin-5 by STORM (Figure 3.6a and
Supplementary Fig. 6s-x). As opposed to untransduced AECs, where the co-localization index
between claudin-18 and ZO-1 was 30.5 + 3.6% (mean + SEM; n=3; Figure 3.4d), AECs
expressing YFP-claudin-5 had significantly decreased co-localization between claudin-18 and
7Z0-1(16.4 + 3.0%, n=3, p=0.029, unpaired two-tailed t-test) that was comparable to alcohol-
exposed AECs (15.2 + 0.7, n=3, unpaired two-tailed t-test; Figure 3.4d). The significant drop in
co-localization between ZO-1 and claudin-18 is consistent with a decrease in interaction between
these two proteins which we hypothesize would alter the assembly state of claudin-18.

In AECs, both claudin-18 and ZO-1 are highly resistant to Triton X-100 2 (Figure 3.6b,c),
suggesting that ZO-1:claudin-18 complexes are tightly associated with the cytoskeleton.22 Thus,
we examined the effects of increased claudin-5 on the extractability of claudin-18, claudin-5 and
Z0-1 by Triton X-100. Consistent with previous measurements, less than ~35% of claudin-18
can be solubilized by Triton X-100 under conditions where the insoluble fraction primarily
reflects proteins incorporated into tight junctions 2 (Figure 3.6¢). By contrast, the majority of
cell-associated claudin-5 is extractable by Triton X-100.

When AECs were transduced with YFP-claudin-5, the Triton X-100 soluble pool of claudin-
18 significantly increased from 35.2 + 1.8 to 42.1 + 0.6 (n=3; p=0.003, unpaired two-tailed t-

test), representing a 20% increase in claudin-18 solubility (Figure 3.6¢). However, ZO-1
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solubility was unchanged by increased claudin-5 (43.1 + 6.4 vs. 40.4 + 5.5 (n=3)). Instead, the
increase in claudin-18 solubility induced by YFP-claudin-5 expression (Figure 3.6) correlated
with the decrease in co-localization between claudin-18 and ZO-1 from ~31% to ~16% as
measured by STORM (see above). This decrease in co-localization suggests that decreased ZO-
1:claudin-18 interactions induced by increased claudin-5 are sufficient to destabilize the tight

junctional pool of claudin-18.

A claudin-5 peptide improves alveolar barrier function.

Claudin peptide mimetics corresponding to the extracellular domain 2328 and Clostridium
perfringens enterotoxin variants 29:3° have been successfully used to alter tight junction
permeability and probe for claudin-claudin interactions. This suggested that targeting claudin-5
using an extracellular domain peptide might be an effective approach to improve the barrier
function of AECs by inhibiting integration into tight junctions. Analogous to an approach used
by Baumgartner, et al. 27 to target claudin-3 and claudin-4, we used an acetylated D-amino acid
peptide corresponding to the region of the second extracellular (E2) domain directly adjacent to
the third transmembrane (TM3) domain of claudin-5 (Ac-EFYDP-NH.,). The E2/TM3 region is
implicated in mediating cis-claudin interactions, based on the crystal structure of claudin-15 3,
as well as functional studies of claudin-3:claudin-5 32 and homomeric claudin-5 interactions 33.
Also, the corresponding region of claudin-18 (NFWMS) is not conserved and this region is
sufficiently divergent from the corresponding DFYNP sequence found in other major claudins
found in the lung, including claudin-3, -4, and -7. Claudin-1 does have an EFYDP motif,
however, it is present at low levels in AECs, suggesting that the Ac-EFYDP-NH. peptide could
effectively target claudin-5 and reverse the effects of alcohol on tight junctions.

As shown in Figure 3.7b,d,f, overnight incubation of alcohol-exposed AECs with the Ac-
EFYDP-NH. peptide increased barrier function, as measured by an increase in TER and

decrease in paracellular flux of calcein and Texas Red Dextran. By contrast, control AECs were
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unaffected by the Ac-EFYDP-NH, peptide (Figure 3.7a,c,e). A control peptide, Ac-LYQY-NHo,,
had no effect on AEC barrier function in either control or alcohol-exposed cells. The ability of
Ac-EFYDP-NH. to improve the barrier function of alcohol-exposed AECs correlated with a
decrease in tight junction spike formation (Figure 3.7g,h) and a specific decrease in total
claudin-5 content (Figure 3.7j,1). Claudin-18 and ZO-1 were unaffected (Figure 3.7i-1) as was
claudin-1 (Supplementary Fig. 11e,f). These data provide an additional demonstration that an
increase in endogenous claudin-5 diminishes AEC barrier function in response to alcohol and
underscore the potential to directly target claudin-5 as a therapeutic approach to prevent

alcoholic lung syndrome.

Discussion

This study provides the first demonstration that an inter-claudin interaction has the capacity
to affect claudin-scaffold protein interactions. Specifically, increased claudin-18:claudin-5
interactions decreased ZO-1:claudin-18 co-localization, which correlated with weakened
assembly into tight junctions as evidenced by an increase in Triton X-100 solubility (Figure 3.6).
The net effect of decreased interactions between claudin-18 and ZO-1 is to destabilize tight
junctions that, in turn, increases paracellular leak. 34 It is likely that claudin-claudin
interactions beyond claudin-18:claudin-5 interactions will be found to play significant roles in
the context of regulating assembly of claudins into tight junctions as well as in the organization
of junctional scaffold complexes as signaling platforms that, in turn, affect paracellular
permeability. Future work will determine whether or not this is the case.

Whether claudin-18:claudin-5 complexes are preformed or claudin-5 molecules newly
delivered to the membrane destabilize claudin-18, is not known at present. Two examples of
claudin-claudin interactions that occur prior to delivery to the plasma membrane are claudin-
4:claudin-8 35 and claudin-16:claudin-19.3¢ In each of those cases, depletion or misfolding of

one claudin resulted in intracellular accumulation of the other, evidence that these pairs of
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claudins serve as co-chaperones. Interestingly, in kidney epithelia, claudin-18 trafficking was
independent of claudin-16 and claudin-19, 3¢ indicating specificity of cis claudin interactions. In
AECs, the intracellular pools of claudin-5 and claudin-18 are limited, largely vesicular and do
not show complete co-localization. Since the effects of claudin-5 on claudin-18 largely affect
tight junction morphology in AECs and that these effects are antagonized by a claudin-5
extracellular mimetic peptide, it seems more likely that claudin-5 and claudin-18 interact within
tight junctions or other regions of the plasma membrane rather than prior to delivery.
Considering that tight junction associated claudins are highly dynamic 37 38, there is certainly the
capacity for claudin remodeling to occur within pre-formed tight junctions at cell-cell interfaces
as well as in claudins newly delivered to the plasma membrane. 39

Critically, this provides a novel mechanism for alcoholic lung syndrome whereby cis-
interactions between claudin-5 and claudin-18 can diminish barrier function by affecting the
ability of claudin-18 to form complexes with ZO-1. Cis-interactions between claudin-5 and
claudin-3 have previously been characterized at a molecular level,32 4° but this is the first
demonstration that claudin-5 can regulate the ability of another claudin, in this case claudin-18,
to interact with the cytoplasmic scaffold. Cytoplasmic scaffold proteins, including ZO-1 and ZO-
2, have classically been thought of as being the primary regulators of claudin assembly into tight
junction strands by crosslinking claudins to the actin cytoskeleton.38442 In this model, claudins
are essentially considered to be passive components that are directed by scaffold proteins such
as ZO-1 to interact with actin and to sites were intercellular contacts can form.34

The ability of claudin-claudin interactions to regulate association of scaffold proteins with
transmembrane components of tight junctions complements the classical model for scaffold
protein-claudin interactions in which ZO-1 binds to the extreme C-terminal domain of nearly all
claudins and promotes interactions with the actin cytoskeleton. The hypothesis that claudin-
claudin interactions can affect how the C-terminal tail interacts with the scaffold suggests that

adjacent or co-heteroligomerized claudins have the capacity to attain conformations that either
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permit or restrict interactions with scaffold proteins. Although current high resolution
structural models of claudins have provided some insights into how claudins pack and form
paracellular ion channels,3143 the C-terminus is relatively unstructured and therefore how
claudin-claudin interactions can affect its conformation are not known. From the gap junction
literature, there are several examples where C-termini of connexins in heteromeric channels
regulates their conformation and channel function.4445 Although it remains to be determined,
since ZO-1 interacts with the extreme terminal PDZ binding motif of most claudins, interactions
with ZO-1 are unlikely to occur unless the C-terminus is fully extended and not sterically
hindered.

Claudin-5 increased formation of tight junction spikes that, in turn, correlated with
increased paracellular leak. Association of tight junction spikes with increased paracellular
permeability is consistent with previous studies demonstrating that spikes and barrier
dysfunction are also induced by Transforming Growth Factor 8 4 and NF-kB inhibitors.5 In fact,
normal AECs treated with the NF-kB inhibitor BMS-345541 showed both increased claudin-5
expression and increased formation of tight junction spikes as a result of interfering with GM-
CSF signaling that mimics the effects of alcohol on AECs.5 Here, live cell imaging was used to
confirm that these were sites where claudin-containing vesicles were observed to bud and fuse
from the ends of spikes. Linking tight junction spikes and enhanced endocytosis with a decrease
in barrier function is also consistent with our previous demonstration that treatment of fetal
AECs with endocytosis inhibitors almost doubled TER,4¢ as well as studies by other researchers
demonstrating that increased junction protein endocytosis is associated with epithelial barrier
dysfunction.47-5°

Structures comparable to the tight junction spikes observed here are also associated with
keratinocyte desmosomal endocytosis induced by Pemphigus vulgaris antiseras!, suggesting
that spikes may be a general feature of squamous epithelial cells representing sites of active

vesicle traffic involving deposition and internalization of junction proteins. It is also possible
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that spikes are sites where vesicle traffic is more readily visualized and that vesicle budding and
fusion occur at other locations in tight junctions, although the correlation between spike number
and barrier dysfunction would argue against this possibility. In addition, whether spikes are
formed by cuboidal epithelia remains to be determined and likely will require high resolution
three dimensional imaging.

Given that tight junction spikes are associated with alcohol and claudin-5 expression, and
that these are sites of active vesicle trafficking of claudin-containing vesicles, our data
demonstrate that increased claudin-5 is both necessary and sufficient to account for the
deleterious effects of dietary alcohol on AEC barrier function. Although the effects of increased
claudin-5 appear to contradict the role of claudin-5 in promoting endothelial barrier function4,
our data demonstrate that claudin-5 function is cell type dependent and influenced by the
context of expression. For example, claudin-5 has the capacity to increase barrier function of
MDCK II cells which are otherwise exceptionally leaky, with baseline TER in the range of 100
Ohm x cm2.52 In AECs, which are much tighter, claudin-5 had the opposite effect. It is also
possible that the ability of claudin-5 to impair tight junctions is specifically dependent on an
interaction with claudin-18, which is not present in MDCK cells. A specific interaction between
claudin-5 and claudin-18 has particular relevance to alveolar barrier function. Although
increased claudin-5 was associated with alcoholic lung disease, the mechanism by which alcohol
induces claudin-5 expression is under investigation at present and could either be
transcriptional or post-translational.

As claudin-5 has a dramatic effect on AEC barrier function, it represents an appealing
potential pharmacologic target to improve alveolar barrier function in vulnerable individuals.
Using a claudin-5 mimetic peptide (Ac-EFYDP-NH,) designed according to Baumgartner, et al.
27 we confirmed the feasibility of this approach, since this peptide specifically increased barrier
function of alcohol-exposed AECs (Figure 3.7a-f). We used an Ac-EFYDP-NH, composed of D-

amino acids, since the Baumgartner group demonstrated that the D-amino acid version of an
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Ac-DFYNP-NH, mimetic is 10-100 fold more effective than the corresponding L-amino acid
version. 27 Unlike the DFYNP sequence which is shared by several claudins important for lung
barrier function, including claudin-3 and claudin-4, the EFYDP corresponding to claudin-5 is
unlikely to cross react with other non-homologous claudins and claudin-1 expression in the lung
is low and unaffected by the peptide (Supplementary Fig. 11e,f). Whether this level of specificity
is sufficient to promote alveolar barrier function in vivo remains to be determined.

EFYDP is in the E2 region of the protein directly adjacent to the TM3 domain, a region of
claudin-5 that mediates cis-claudin interactions 32 3353, consistent with our model that claudin-5
interactions with claudin-18 have a deleterious effect on the ability of claudin-18 to interact with
ZO-1. The ability of a cis claudin interaction to affect interactions of another claudin with the
tight junction scaffold represents a novel mode of tight junction regulation with the potential to
be pharmacologically manipulable. Specific and direct targeting of claudin-5 using these
approaches offers the potential of preventing ARDS, particularly in those individuals at greatest

risk due to underlying alcohol abuse, by improving alveolar barrier function and fluid clearance.

Methods
Cell culture

Animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Emory University. Adult male Sprague-Dawley rats were pair-fed ethanol (36% of
total calories) or control isocaloric maltin-dextrin using the liquid Lieber DeCarli Diet (Research
Diets, New Brunswick, NJ) ad libitum for 6 to 8 weeks.4 Animal use was limited to their use as a
source for primary cells and so sample size and randomization are not relevant variables.

Type II alveolar epithelial cells were isolated from rats fed either alcohol or a control diet
according to Dobbs 54 with modifications. To remove red blood cells, lungs were perfused in situ
with solution II (5.5 mM Dextrose, 10 mM HEPES, 2 mM CaCl,,12.3 mM MgSO,, 5 mM KCl, 140

mM NaCl, pH 7.4) at 37°C. Lungs were then removed, lavaged with cold PBS then lavaged with
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cold solution I (5.5 mM Dextrose, 10 mM HEPES, 0.197 mM EGTA,12.3 mM MgSO,, 5 mM KCl,
140 mM NaCl, pH 7.4). Elastase (103 units/40 ml solution II) was instilled into the lungs which
were incubated for 30 min at 37°C. The lungs were then manually diced and resuspended in 5
ml FBS + 5 ml DNase solution (1 mg/ml in solution II). The cells suspension was incubated for
10 min at 37°C under gentle rotation, sequentially filtered through a 100 um and then a 40 um
cell strainer (BD Biosciences), then centrifuged at 150 x g for 8 minutes at 4°C. The cell pellet
was resuspended in 10 ml Dulbecco’s modified Eagle media (DMEM; Sigma) containing 0.25
ug/ml amphotericin B (ThermoFisher), 100 U/ml penicillin:10 mg/ml streptomycin (Sigma),
then biopanned to remove macrophages in polystyrene bacteriological 100 mm Petri dishes
pretreated with 1.5 mg rat IgG/dish for 1h at 37°C. Using this approach, preparations routinely
contained >90—95% type II alveolar epithelial cells.

To produce model type I alveolar epithelial cells (AECs), 7.5 x 105 cells in DMEM + 10% Fetal
Bovine Serum were plated in 1.12 cm? Transwell permeable supports (Corning 3460) pre-coated
with 250ul of 20 pg/ml rat tail type I collagen in PBS (Roche Diagnostics, Mannheim,
Germany), conditions that support differentiation to a type I-like phenotype.555¢ Culture media
on both the apical and basolateral wells were changed every other day and cells were used for

experiments on day 6 or 7 after seeding.

Virus production and infection

Adenovectors encoding for NH,-terminal enhanced yellow fluorescent protein (YFP)-
claudin-3 and control EGFP were prepared as previously described 2. YFP-claudin-5 cDNA was
produced as previously described 57, removed using Kpnl and Xbal, and then ligated into
pAdLox using standard molecular biological techniques. YFP-claudin-18 and untagged claudin-5
were cloned into pAdeasy-1. Note that for all claudin constructs the YFP was located on the N-
terminus of the claudin. Adenovirus particles were packaged and amplified by ViraQuest Inc

(North Liberty, IA). YFP-Claudin-5/AdLox was packaged by the National Heart, Lung, and
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Blood Institute Viral Vector Core at the University of Pittsburgh. Alternatively, pAdLox plasmids
were packaged and amplified by infecting HEK AD293 cells cultured in DMEM containing 5%
heat inactivated FBS, 0.25 pg/ml amphotericin B and 100 U/ml penicillin,10 mg/ml
streptomycin. Virus particles were purified by cesium chloride centrifugation followed by
dialysis against PBS.58

Control and claudin-5 specific lentivector shRNAs (Supplementary Table 1) were cloned into
a modified expression vector pFH1pU6-UG-W using Nhel and Pacl as described.?9 Lentiviral
particles were produced by the Emory Neuroscience NINDS Viral Core Facility.

AECs cultured on Transwell permeable supports were transduced 4 days after isolation with
either adenovector or lentivectors by adding virus particles to both the apical and basal media.
For adenovectors and lentivectors, transduction was done at a multiplicity of infection (MOI) of
5, and analyzed 48 h after transduction, unless otherwise stated. Analysis was done 48 h post

transduction. For lentivectors, cell media were changed 24 h after transduction.

Barrier function measurements

Transepithelial resistance (TER) measurements of AECs cultured on Transwell permeable
supports in Ringer’s saline buffer (150 mM NaCl, 2 mM CaCl., 1 mM MgCl., 10 mM glucose, 10
mM HEPES, pH 7.4) was measured using an Ohmmeter (World Precision Instruments,
Sarasota, FL). Paracellular dye permeability was assessed by simultaneous measurement two
different-sized fluorescent dyes across the cell monolayer for 2 h at 37°C 5 2, Flux assays were
performed in Ringer’s saline containing 50 pug/ml Texas Red Dextran (10kDa) (ThermoFisher)
and 2 pg/ml Calcein (0.62 kDa) (ThermoFisher) in the apical chamber. The amount of
fluorophore that diffused into the basal chamber was measured using a microplate reader

(Biotek Winooski, VT).

Biochemical analysis
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After 6 days in culture, AECs on Transwell permeable supports were washed 2x with DPBS
and incubated for 20 min in 50 pl RIPA buffer (Cell Signaling). Cell were scraped off and debris
were pelleted by centrifugation for 10 minutes at 13.200 x g at 4°C. Protein concentration of the
supernatant was determined by BCA assay (ThermoFisher Pierce #23225). Reducing SDS
sample buffer (10% glycerol, 1.25% SDS, 50 mM Tris pH 6.7, 8.3 mg/ml DTT) was added to the
supernatant. Protein samples were heated for 10min at 70°C then resolved by SDS-PAGE using
4-15% Mini-PROTEAN TGX stain-free gradient SDS polyacrylamide gels, transferred to PVDF
or nitrocellulose membranes (BioRad, Hercules, CA) and immunostained using primary
antibodies and secondary antibodies indicated in Supplementary Table 2. For band detection,
either Clarity Western ECL Substrate (BioRad) was used and imaged with the ChemiDocTMXRS
system (BioRad, Hercules CA, USA) or fluorescence imaging was used with the Odyssey Classic
imager (LI-COR). Image analysis and quantification was done using Image Lab software
(BioRad) or using Image studio (LI-COR). Relative protein quantification was relative to actin.
LI-COR images of immunoblots were pseudocolored to greyscale images in the Figures.
Uncropped versions of immunoblots shown in the main body of the text are in Supplementary

Fig.12.

Co-Immunoprecipitation

AECs were isolated and 2.5 x10° cells/well were plated on 6 well Transwell permeable
supports (Corning 3450) coated with 20ug/ml rat tail collagen (Roche) and cultured for 6 days
as described above. Cells were washed 2x with ice cold DPBS containing Ca2* and Mg+
(DPBS++). Cells were scraped in DPBS++ containing protease inhibitor cocktail without EDTA
(Roche) and centrifuged at 4°C, 500g for 8 min. Then cells were resuspended in DPBS++ with
protease inhibitor cocktail without EDTA (Roche) containing 0.1% (v/v) Triton X-100, sonicated
3x for 1 sec and incubated for 30 min on ice. Cell lysates were centrifuged at 500g for 8 min at

4°C to remove large aggregates.
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Prior to use, protein A magnetic beads (Sure Beads; BioRad) for co-immunoprecipitation
were washed 3x in DPBS++ (100 ul beads/1ml) and then blocked with DPBS++ containing
protease inhibitor cocktail, 0.25%BSA, 0.2% Gelatin for 1h at 4°C. The cell supernatant was then
incubated with 100pl blocked, unlabeled beads for 3 h at 4°C to remove non-specific interacting
proteins. Precleared supernatant then was mixed with bead/antibody complexes (100 ul beads
labeled with 1ug antibody for 15 min at 4°C) and incubated over night at 4°C. The next day,
beads were washed 3x with DPBS++ containing protease inhibitor cocktail. Beads were
resuspended in 1x SDS-PAGE sample buffer, then incubated for 10 min at 70°C to elute proteins
bound to beads. Protein samples were analyzed by SDS-PAGE and immunoblot as described

above.

Triton-X solubility assay

Tight junction proteins were assessed for changes to Triton X-100 extractability as described
earlier'2 with modifications. After 6 days in culture on Transwell permeable supports AECs were
washed 2 x with ice cold DPBS. After washing, 4 wells were combined and cells were scraped 2 x
into ice cold DPBS containing Protease inhibitor cocktail with EDTA (Roche). Cells were
centrifuged for 8 minutes at 500 x g at 4°C, resuspended in DPBS with protease inhibitor
cocktail (Roche, Nutley, NJ) containing 0.1% (v/v) Triton X-100 and incubated for 30 min at
4°C. Then, cells were centrifuged at 100,000 x g for 30 min at 4°C to separate the lysate into
Triton-soluble (supernatant) and -insoluble (pellet) fractions. The samples were equivalently
diluted in SDS-PAGE sample buffer, heated for 10min at 70°C, then analyzed by SDS-PAGE and

immunoblot as described above.

Fluorescence microscopy
AECs were cultured for 6 days on Transwell permeable supports, were washed 3x with DPBS

containing Ca2* and Mg2* (DPBS++), fixed with 1:1 methanol/acetone for 2 min at RT and then
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washed again 3x with DPBS++. For permeabilization cells were washed once with DPBS++
containing 0.5% Triton X-100, 3x with DPBS++ containing 0.5%Triton X-100 and 5% normal
goat serum for 5 min. Then cells were labeled for 1 h in DPBS++ containing 5% normal goat
serum for 1 h at RT containing primary antibodies (Supplementary Table 2) . Before secondary
antibody incubation cells were washed 3x with DPBS containing 5% goat serum for 5 min,
respectively. Cells were then incubated for 1 h with Cy-2 and/or or Cy3-conjugated antibodies
(Supplementary Table 2) in DPBS with 5% normal goat serum. Cells were washed 3x with
DPBS++ with 5% normal goat serum, and another 3x with DPBS++ before mounted in Mowiol
(Kuraray, Houston, TX) under a glass coverslip. Fluorescence images were taken using an
Olympus IX70 microscope with a U-MWIBA filter pack (BP460—490, DM505, BA515—550) or
U-MNG filter pack (BP530—550, DM570, BA590—800). Minimum and maximum intensities
were adjusted for images in parallel, so that the intensity scale remained linear to maximize
dynamic range.

For Dynasore experiments, 5.0 x 105 AECs isolated from control or alcohol fed rats were
plated on collagen coated Transwells and cultured for 6 days. On day six the cells were washed
once with serum free media. Serum free media containing 0.25% DMSO (vehicle control),
4o0uM, 8ouM or 160uM (in 0.25%DMSO) was put into each well. Cells were incubated for 4 h.
Afterwards cells were washed twice with DPBS++ and fixed with 1 ml Methanol/Acetone
solution for 2 min before being immunostained for claudin-18.

Tight junction spike quantitation was done using cells immunolabeled for claudin-18.
Samples used for morphometric analysis were blinded. Cells containing 3 or more projections
that were perpendicular to the orientation of the intercellular junction were considered to be
cells containing tight junction spikes that were scored and expressed as a percentage of the total
number of cells in the field. In Figure 2, for control vs. alcohol-exposed cells: 11 fields from two
independent experiments each; number of cells scored: 383 control AECs and 563 alcohol-

exposed AECs. For EGFP vs. YFP-claudin-5 transduced cells: 11 fields from two independent
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experiments each; number of cells scored: 615 EGFP-transduced AECs and 392 YFP-cldn-5-
transduced AECs. For alcohol exposed AECs transduced with claudin-5 shRNA: 5 fields each;
number of cells scored: 294 control cells, 206 shRNA1-treated cells and 244 shRNA2-treated
cells. In Figure 3, for Dynasore treated alcohol-exposed cells: 8 fields from two independent
experiments each; number of cells scored: 826 control cells, 728 cells treated with 40 uM
Dynasore, 752 cells treated with 80 uM Dynasore and 863 cells treated with 160 uM Dynasore.
For Dynasore treated control cells: 9 fields from two independent experiments each; number of
cells scored: 341 control cells, 227 cells treated with 40 uM Dynasore, 228 cells treated with 80
uM Dynasore and 273 cells treated with 160 uM Dynasore. In Figure 7, for peptide treated cells:
9-10 fields from two independent experiments each; number of cells scored: 165 untreated
control cells, 186 untreated alcohol-exposed cells, 207 control treated alcohol-exposed cells, 253
peptide-treated alcohol-exposed cells.

For live cell imaging, 7.5 x105 alcohol exposed AECs were plated on onto glass bottom
culture dishes (MatTek Corp, Ashland, MA P50G-1.5-14-F) coated with rat tail type I collagen
(20 pg/ml) (Roche Diagnostics, Mannheim, Germany). On day 4 cells were transduced with
adenovirus encoding for YFP-claudin-5 or YFP-claudin-18 with an MOI of 5, respectively. Media
was changed 24 h after transduction. After 48 h expression, live cell imaging using a Nikon A1R
confocal laser scanning microscope with temperature control/CO. chamber stage (40x oil lens,
numerical aperture 1.3) and autofocus control was performed. Imaging was performed in phenol
red free Optimem containing 10% FBS, 0.25 ug/ml amphotericin B (Life technologies) 100 U/ml
penicillin and 10 mg/ml streptomycin (sigma) at 37°C and 5%CO.. Data were collected with
NIS-Elements AR 4.0 software (Nikon, Melville, NY). Imaging was performed over a time period
of 20 min with 30 sec intervals. Pictures were taken in 1024x1024 pixels resolution (excitation
488 nm, emission 525 nm) with low excitation laser power of 1.2% to minimize photo bleaching.

Images and movies were processed with Image J. Minimum and maximum intensities were
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adjusted for images in parallel, so that the intensity scale remained linear to maximize dynamic

range.

STochastic Optical Reconstruction Microscopy (STORM)

To analyze the co-localization and particle size of claudin-18, ZO-1 and claudin-5 within the
cell membrane STochastic Optical Reconstruction Microscopy (STORM) was performed.s 1
Double labeled secondary antibodies were prepared using donkey anti-rabbit (Jackson Immuno
Research 711-005-152) and donkey anti-mouse IgG (Jackson Immuno Research 715-005-151).
Stock labeling reagents were Alexa 647 carboxylic acid succinimidyl ester (2ug/ul;
ThermoFisher A30000), Cy2 bisreactive dye (2 ug/ul; GE Healthcare PA22000) and Cy3
monoreactive dye (2 ug/ul; GE Healthcare PA23001) in anhydrous DMSO. For donkey anti-
rabbit IgG, 1.5 ul Cy2, 0.6 pl Alexa 647 and 6 ul 1 M NaHCO; were added to 62.5 ug /50 ul IgG
and incubated at RT for 30 min. The sample was diluted to 200 pul with PBS, then filtered using
a NAP-5 Sephadex G-25 DNA Grade column (GE Healthcare 17-0853-02), washed with 550 ul
PBS and eluted with 300 ul PBS. Donkey anti-mouse IgG was labeled in a similar manner, using
1.5 ul Cy3 instead of Cy2. Antibodies were stored at 4°C and used within 2 months of
preparation.

For immunolabeling, AECs were prepared as described above and plated onto glass bottom
culture dishes (MatTek Corp, Ashland, MA P50G-1.5-14-F) coated with rat tail type I collagen
(20 pg/ml; Roche Diagnostics, Mannheim, Germany). After 6 days in culture, the cells
immunostaining of claudin-18, ZO-1 and claudin-5 was performed as described above with the
following changes. After permeabilization cells were treated with 0.1% NaBH4 for 10 min at RT.
Secondary incubation were washed with 3 x 1 ml DPBS++ then fixed/permeabilized with 1 ml
1:2 methanol/acetone for 2 min at RT. The cells were washed 3x with DPBS++, treated with
0.1% NaBH, for 10 min at RT, washed 3x with DPBS++, washed once with DPBS++ with 0.5%

Triton X-100, then twice with DPBS++ containing 0.5% TX-100, 2% normal goat serum. The
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cells were then incubated with rabbit anti-claudin-18 + mouse anti-claudin-5 or rabbit anti-
claudin-18 + mouse anti-ZO-1 in DPBS++ containing 2% normal goat serum for 1 h at RT on a
rotator platform. After primary antibody incubation, cells were washed 3x with DPBS++
containing 2% normal goat serum and then incubated with a 1:100 dilution of double labeled
secondary antibody mixed in DPBS++ for 30 min at RT on a rotator platform. The cells were
then washed 2x 1 h with DPBS++ containing 2% normal goat serum then 3x DPBS++. Samples
were post fixed with 3% paraformaldehyde + 0.1% glutaraldehyde for 10 min at RT, washed 3x
with DPBS++. For imaging, antibody labeled cells were incubated in 1.4 ml mercaptoethylamine
(MEA) imaging buffer (0.7 mg/ml glucose oxidase, 42.5 ug /ml catalase, 100 mM cystamine, 8.9
mM NaCl, 8.9% glucose in 44.3 mM Tris-HCI, pH 8.0).

The samples were imaged with a Nikon N-STORM system based on an Eclipse Ti inverted
microscope with the Perfect Focus System, a 100x 1.49 oil immersion objective, and an Andor
iXon DU897 EMCCD camera. Data were collected and analyzed with NIS-Elements Software.
Samples were excited with 457 nm, 561 nm, and 647 nm laser lines. Data collection involved
alternating cycles of lower intensity 457 nm and 561 nm activation pulses and high intensity 647
nm imaging for localization and deactivation. High resolution STORM images were collected
over 20-30 min. Data was corrected for stage drift and localization fitted to Gaussian
distributions using NIS-Elements set at minimum height of 250 nm and CCD baseline of 220
nm. Single labeled and unlabeled samples were collected using the same parameters to ensure
that there was a lack of non-specific signal detection and minimal crosstalk between fluorescent
channels (Supplementary Fig. 7).

To analyze the size distribution of clusters containing claudin-18, claudin-5 or ZO-1 in the
membrane, STORM images were analyzed using ImagePro 3.0. Objects that consisted of 10
contiguous pixels with a threshold intensity of greater than 50/255 were considered as the
minimum cluster size. 10 pixels corresponded to an area of 585 nmz2. Co-localization between of

double labeled STORM images was analyzed by using ImageJ software. Given that total claudin-
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5 changes dramatically when comparing cells from control and alcohol-fed animals, we
calculated the co-localization index as the amount of claudin-18 or ZO-1 co-localizing with
claudin-5 as opposed to the opposite calculation, which would be much more sensitive to
changes in total claudin-5. Co-localized area between the red and the green channel was
identified using a co-localization plugin for ImageJ (http://rsb.info.nih.gov/ij/plugins/co-
localization.html). Two pixels were considered co-localized when the respective threshold of
each channel was higher than 50 (out of a range of 0-255) and the intensity ratio of the red and
the green channel was higher than 50%. Co-localized area as well as the area in the red and the

green channel was quantified by using the particle analyzer.

Proximity Ligation Assay

For the Proximity Ligation Assay (PLA) AECs were cultured on Transwell permeable
supports for 6 days. On day 6, cells were washed 3x with DPBS with Ca2*/Mg2* and fixed with
freshly made Methanol/Acetone (1:2) for 2 minutes. After fixation, the cells were washed 3x
with DPBS++, permeabilized with DPBS++ containing 0.5% (v/v) Triton X-100 for 5 min, then
blocked with DPBS++ containing 0.5% (v/v) Triton X-100 and 5% goat serum (Sigma-Aldrich)
2x for 5 min under gentle agitation. Cells were incubated overnight in 250 ul DPBS++
containing 5% goat serum with primary antibody pairs (mouse anti-claudin-5 + rabbit anti-
claudin-18, rabbit anti-claudin-5+ mouse anti-ZO-1 or rabbit anti-claudin-18 + mouse anti-ZO-
1; Supplementary Table 2). The next day filters were washed with DPBS++ containing 5% goat
serum (v/v) 3x for 5 min under gentle agitation. After washing, the Transwell filters were cut out
and put upside down on Parafilm and a 50 ul solution containing the secondary antibodies
(anti-rabbit Plus (DUO92002) and anti-mouse Minus (DU092004) diluted in DPBS++
containing 5% goat serum (v/v)) was pipetted under the filter. Filters were incubated for 1th in a
humidified incubator at 37°C, 5% CO.. For the detection of protein-protein interactions, the

detection Kit Red (DU092008) was used according to the manufacturer’s instructions. Filters
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were mounted on slides using Duolink In Situ Mounting Medium with DAPI (DUO82040),
covered with glass cover slips and sealed with nail polish and stored at -20°C until imaging.
Fluorescence images were taken using an Olympus IX70 microscope with a U-MWIBA filter
pack (BP460—490, DM505, BA515—550) or U-MNG filter pack (BP530—-550, DM570, BA590—
800). Minimum and maximum intensities were adjusted for images in parallel, so that the
intensity scale remained linear to maximize dynamic range. Image analysis was performed using
the Fiji particle analyzer tool. PLA signal intensity was analyzed by measuring the number of

individual clusters above a threshold intensity value of 70.

Claudin-5 mimetic peptide treatment

To antagonize the deleterious effects of claudin-5 on barrier function in alcohol exposed
AECs a short D-peptide targeting claudin-5 was designed (Ac-EFYDP-NH.,, Ac=Acetylation,
NH.= amide) analogous to the claudin-3/4 peptide that was previously described 27 and
synthesized by LifeTein (Sumerset, NJ). A Ac-LYQY-NH. peptide was also synthesized and used
as peptide control 27. Peptides were dissolved in 30% DMSO in water at a concentration of 30
mM (30,000x stock). AECs from either control- or alcohol-fed rats were cultured for 5 days on
Transwell permeable supports and then the apical medium was replaced with 500 ul DMEM
media containing 10uM peptide (final DMSO conc. 0.01%). DMSO alone was used for untreated
controls. AECs were incubated for 16h and then assessed for barrier function,

immunofluorescence or immunoblot as described above.

Statistics

All statistics were calculated using GraphPad Prism 6.0. Statistical significance for
parametric data was determined using unpaired two-tailed t-test to compare one dependent
variable against one independent variable, one way ANOVA with Tukey multiple comparisons

test to compare one dependent variable against multiple independent variables, and two way
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ANOVA with Bonferroni multiple comparisons test to compare multiple dependent variables
against multiple independent variables and non-parametric data using the Mann Whitney U
test. Sample size was determined so that we could detect a minimum 20% difference in values
with standard error of + 10%. Variance between compared groups was comparable throughout
the study. Data in most graphs represent average + standard error, box and whisker plots in
Supplementary Fig. 7g-i show the median value, 25% and 75 percentiles as the limits of the box

and 5™ and 95™ percentiles as the limits of the whiskers.

Data availability
The source data that support the findings of this study are available from the corresponding

author (MK) upon request.
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Figure 3.1: Alcohol dependent upregulation of claudin-5 is necessary and sufficient
to impair alveolar barrier function. AECs from alcohol fed rats and controls were cultured
on Transwell permeable supports and then transepithelial resistance (TER) (a) and dye flux
with calcein (b) and Texas Red Dextran (¢) were measured. Alcohol-exposed AECs showed a
significantly lower TER (n=6, * - p <0.001, unpaired two-tailed t-test) as well as significantly
higher calcein (n=3, * - p<0.001, two way ANOVA with Bonferroni multiple comparisons test)
and Texas Red Dextran permeability (n=3, * - p<0.001, two way ANOVA) vs. cells from control
fed rats. (d,e) By immunoblot, alcohol exposure significantly decreased claudin-4 expression
(n=3, * - p=0.002, t-test) and significantly increased claudin-5 expression by AECs (n=3, # -
p=0.005, t-test). (f-h) Control AECs were transduced with adenovector YFP-claudin-5 at MOI
of 2.5 or 5 for or EGFP adenovector at MOI of 5 as a control. The EGFP/EYFP doublet has been
seen by others ¢ 61 and has no bearing on our results since untagged claudin-5 has a comparable
effect on AECs (Supplementary Fig. 5). (f,g) YFP-claudin-5 at MOI of 5 significantly increased
claudin-5 expression (n=3, * - p=0.022, one way ANOVA with Tukey multiple comparisons test)
and (h) decreased TER (n=3, # - p=0.0005 vs. EGFP transduced control AECs; T - p =0.028 vs.
EGFP transduced alcohol exposed cells, one way ANOVA). In (h), TER of alcohol exposed cells
was significantly lower than comparable control cells (n=3, * - p=0.036, one way ANOVA). (i-
k) Claudin-5 protein expression in alcohol-exposed AECs was depleted using a lentiviral system
delivering shRNA targeting claudin-5 or control scrambled shRNAs. (i,j) Claudin-5 was
significantly depleted by specific sShRNAs vs. scrambled shRNA treated cells (n=4, * - p=0.006,
# - p=0.036, one way ANOVA). (k) decreased claudin-5 expression in alcohol-exposed cells
significantly increased TER as compared with cells transduced with scrambled shRNAs (n=4, # -
P< 0.001, T - p< 0.001, one way ANOVA). TER of cells from alcohol exposed cells treated with
shRNA was significantly lower than comparable control cells (n=4, * - p<0.001, one way

ANOVA). All quantitative data represents average + SEM.
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Figure 3.2
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Figure 3.2: Increased claudin-5 expression enhances the formation of tight
junction spikes. AECs isolated from alcohol or control fed rats were cultured for 5-7 days on

transwell permeable supports and immunolabeled for claudin-18. (a) Cells from alcohol fed
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rats showed enhancement of tight junction spikes, that are claudin-18 projections perpendicular
to the cell-cell interface (d; arrowhead). Square regions in the top panels correspond to
magnified images in below (Bar — 10 um). (b) Control AECs transduced with YFP-claudin-5
increased the appearance of tight junction spikes as determined by labeling for cldn-18 or cldn-5
(Bar — 10 um). (¢) Alcohol-exposed AECs transduced with claudin-5 shRNA had a decrease in
tight junction spikes (Bar — 10 um). (d-f) Quantification of the % of cells containing 3 or more
tight junction spikes oriented towards the nucleus demonstrated that alcohol exposed and YFP-
claudin-5 transduced AECs had significantly more spikes than comparable controls (d) control
vs. alcohol: n=11 fields, * - p=0.035, unpaired two-tailed t-test. () EGFP vs. YFP-claudin-5:
n=11 fields, * - p<0.001, unpaired two-tailed t-test. (f) Alcohol exposed AECs transduced with
claudin-5 shRNA1 had significantly fewer spikes than cells treated with control shRNA (n=5
fields, * - p=0.011, one way ANOVA with Tukey multiple comparisons test). Cells treated with
shRNA2 showed a trend towards decreased spikes (n=5, # - 0.18, one way ANOVA with Tukey
multiple comparisons test) (g). Control AECs were partially transfected with YFP-claudin-18
then fixed and immunolabeled for ZO-1. YFP-claudin-18 expressing cells adjacent to
untransfected cells showed uptake of YFP-claudin-18 in intracellular vesicles (arrows, Bar — 10
um). (h) Magnified images corresponding to the square region in (g) showing spike associated
claudin-18 internalized into adjacent cells. Arrowheads show areas where claudin-18 does not
co-localize with ZO-1. The arrow indicates a structure where YFP-claudin-18 and ZO-1 co-

localize. All quantitative data represents average + SEM.
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Figure 3.3

cldn-18

e Control 160 uM Dynasore f 40 ;

30 1

20 1

Alcohol

10 1

% Cells with TJ spikes

0 +

40 ;

30 1

20 1

Control

10 1

% Cells with TJ spikes

04

0 40 80 160
Dynasore concentration (LuM)

Figure 3.3: Claudin-containing vesicles bud from and fuse with tight junction

spikes. (a-d) Live cell imaging was performed with alcohol exposed AECs transduced with
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Adenovirus encoding either YFP-claudin-5 (a,b) or YFP-claudin-18 (c,d). Shown are still
images from videos acquired over a 20 minute time period with a frame capture of 30 second
intervals. Labeled vesicles containing YFP-claudin-5 or YFP-claudin-18 were found to both fuse
to (a,c) and bud from (b,d) tight junction spikes, demonstrating that these are dynamic
structures. The top left panel in each series is a lower magnification image, the square region
represents the time series, which is time stamped in seconds. Bar — 5 um. (e) Cells from alcohol
fed or control fed rats were cultured for 7 days and then treated with either DMSO vehicle
control or the dynamin inhibitor Dynasore at varying concentrations for 4 h at 37 °C in serum
free media. The cells were then fixed and immunolabeled for claudin-18. Representative images
show vehicle-treated and 160 uM Dynasore treated cells. Arrowheads show tight junction spikes.
Bar - 10 um. (f,g) Quantification of the % cells containing 3 or more tight junction spikes
oriented towards the nucleus demonstrated that 160 uM Dynasore significantly decreased the
number of cells from alcohol fed rats containing spikes (n=8-9 fields, * - p =0.002, one way

ANOVA with Tukey multiple comparisons test). All quantitative data represents average + SEM.
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Figure 3.4
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Figure 3.4: Claudin-5 induced by alcohol decreases Z0-1:claudin-18 co-localization
as determined by super-resolution microscopy. (a-c) AECs isolated from alcohol (alc)
or control (con) fed rats were cultured, immunolabeled and imaged by STORM. Cells were
double-labeled for claudin-18 and ZO-1 (a), claudin-5 and claudin-18 (b) or claudin-5 and ZO-1
(c). Images were analyzed for protein co-localization (d-f). Alcohol exposed AECs showed a
reduction in the co-localization between claudin-18 and ZO-1 and an increase in co-localization
between claudin-18 and claudin-5. Co-localization between claudin-5 and ZO-1 was comparable
for both control and alcohol exposed cells. Arrowheads denote areas of co-localization. Bar, 1
um. (d-f) Quantification of co-localization using STORM images demonstrated a significant
change. In alcohol-exposed AECs there was a significant decrease in ZO-1:claudin-18 (n=4 fields
(control), n=3 fields (alcohol exposed AECs),* - p=0.014, unpaired two-tailed t-test) (d) which

correlated with a significant increase in claudin-18:claudin-5 co-localization (n=3 fields, * -
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P=0.039, unpaired two-tailed t-test) (e). ZO-1:claudin-5 co-localization was unchanged (n=4

fields, unpaired two-tailed t-test) (f). Data in (d-f) represent average + SEM.
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Figure 3.5
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Figure 3.5: Claudin-5 induced by alcohol decreases ZO-1:claudin-18 co-localization
as determined by proximity ligation assay. (a,b) AECs isolated from alcohol (alc) or

control (con) fed rats were cultured, immunolabeled and analyzed using the proximity ligation
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assay (PLA). Cells were PLA-labeled for claudin-18 and ZO-1, claudin-5 and claudin-18 or
claudin-5 and ZO-1. Images in (b) are magnifications of regions in (a) as denoted by the
squares. Bar, 20 um. Negative controls are shown in Supplementary Fig. 10. Alcohol exposed
AECs showed a reduction in the co-localization between claudin-18 and ZO-1 and an increase in
co-localization between claudin-18 and claudin-5. Co-localization between claudin-5 and ZO-1
was comparable for both control and alcohol exposed cells. (c-e) Quantification of co-
localization using PLA demonstrated a significant change. In alcohol-exposed AECs there was a
significant decrease in ZO-1:claudin-18 (n=6 fields,* - p=0.018, unpaired two-tailed t-test) (c¢)
which correlated with a significant increase in claudin-18:claudin-5 co-localization (n=10 fields,
¥ - p=0.026, unpaired two-tailed t-test) (d). ZO-1:claudin-5 co-localization was unchanged (n=6

fields, unpaired two-tailed t-test) (e). Data in (c-e) represent average + SEM.
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localization and increase claudin-18 solubilization. (a) Control or YFP-claudin-5



126

transduced AECs were cultured for 6 days, immunolabeled and then imaged by STORM for
claudin-18 and ZO-1. Increased claudin-5 expression decreased the extent of ZO-1:claudin-18
co-localization (see text). Arrowheads show sites of co-localization. Bar -1um. (b,c¢) Biochemical
analysis of protein insolubility was assessed by a Triton X-100 solubilization assay comparing
control AECs to YFP-claudin-5 transduced cells. At 6 days in culture, AECs were harvested and
extracted using 0.1% Triton X-100, an aliquot of total protein (T) was set aside and the
remainder was centrifuged to separate Triton X-100 soluble (S) and insoluble (I) fractions that
were measured by immunoblot for claudin-18, claudin-5 and ZO-1. Quantification of the soluble
fraction revealed that YFP-claudin-5 expression significantly increased claudin-18 solubility
from 35.2 + 1.8 t0 42.1 + 0.6 (n=3, * - p=0.003, unpaired two-tailed t-test) while claudin-5 and

Z0-1 solubility did not significantly change. All quantitative data represents average + SEM.
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Figure 3.7
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Figure 3.7: A claudin-5 extracellular domain mimetic increases barrier function of

alcohol-exposed AECs. (a-f) AECs isolated from control (a,c,e) or alcohol fed rats (b, d, f)
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were cultured on Transwell permeable supports for 5 days and then either untreated (un), or
incubated with 10 uM control peptide (con; Ac-LYQY-NH.,) or a claudin-5 extracellular domain
mimetic peptide (C5; Ac-EFYDP-NH,) for 16 h. The cells were examined for barrier function by
transepithelial resistance (TER) (a,b) and paracellular flux of calcein (c,d) and 10 kDa Texas
Red dextran (e,f). The Cs peptide had little effect on barrier function of control AECs (a,c,e)
however, it significantly increased TER (*, p=0.014 vs untreated; # p=0.042 vs control; n=6,
one way ANOVA with Tukey multiple comparisons test) (b), and decreased paracellular flux of
calcein (*,p=0.007 vs untreated; #, p — 0.054 vs control; n=3, one way ANOVA with Tukey
multiple comparisons test) (d), and Texas Red Dextran (¥*,p=0.009 vs untreated; #, p — 0.040
vs control; n=3, one way ANOVA with Tukey multiple comparisons test) (f). (g) AECs as
treated above were processed and examined by immunofluorescence for claudin-18 localization.
Bar — 20 pum. Cells from alcohol fed rats showed a decrease in tight junction spikes, that was
significantly less than that of untreated controls and alcoholic AECs that were either untreated
or treated with a control peptide (¥, p <0.001 vs untreated; #, p<0.001 vs control peptide; T, p —
0.041 vs untreated control AECs, n=9-11 fields from two independent experiments, one way
ANOVA with Tukey multiple comparisons test) (h). Claudin-5 immunofluorescence is shown in
Supplementary Fig. 11. (i-1) AECs as treated above were processed and examined by
immunoblot for claudin-5, claudin-18 and ZO-1. Cells from alcohol-fed rats that were treated
with the C5 peptide showed a significant and specific decrease in claudin-5 (¥, p=0.042 vs
untreated; #, p=0.016 vs control; n=9, one way ANOVA with Tukey multiple comparisons test)

(). All quantitative data represents average + SEM.
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Abstract

Tight junctions between lung alveolar epithelial cells maintain an air-liquid barrier
necessary for healthy lung function. Previously, we found that rearrangement of tight junctions
from a linear, cortical orientation into perpendicular protrusions (tight junction spikes) is
associated with a decrease in alveolar barrier function, especially in alcoholic lung syndrome.
Using quantitative super-resolution microscopy, we found that spikes in control cells were
enriched for claudin-18 as compared with alcohol exposed cells. Moreover, using an in situ
method to measure barrier function, tight junction spikes were not associated with localized
increases in permeability. This suggests that tight junction spikes have a regulatory role as
opposed to causing a physical weakening of the epithelial barrier. We found that tight junction
spikes form at cell-cell junctions oriented away from pools of B-catenin associated with actin
filaments, suggesting that adherens junctions determine the directionality of tight junction
spikes. Dynamin-2 was associated with junctional claudin-18 and ZO-1, but showed little
localization with B-catenin and tight junction spikes. Dynasore, a dynamin inhibitor, increased
paracellular leak of calcein (0.62 kDa), yet decreased permeability to 10 kDa Texas Red dextran.
Dynasore also decreased the number of tight junction spikes/cell and stimulated actin to

redistribute to cortical tight junctions. These data suggest a novel role for dynamin-2 in tight
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junction spike formation by reorienting junction associated actin. Moreover, the greater spatial
separation of adherens and tight junctions in squamous alveolar epithelial cells as compared
with columnar epithelial cells facilitates analysis of molecular regulation of the apical junctional

complex.

Introduction

Lung epithelia provide a selective and specific barrier that maintains separation between
external airspaces and internal fluid filled tissues to enable gas exchange to occur. It also serves
as the first line of defense from threats as varied as invading pathogens and direct injury.
Disruption of alveolar lung fluid balance can lead to acute respiratory distress syndrome
(ARDS), which is characterized by widespread flooding of the alveoli. Chronic alcohol
consumption can perturb normal lung fluid balance, increasing the risk of developing ARDS=3.

Epithelial barrier function is critically regulated by tight junctions, multiprotein complexes
integrated into the plasma membrane of cells that act as selectively permeable barriers between
neighboring cells+-°. We have previously observed that alveolar epithelial cells under stress, such
as chronic exposure to alcohol, reorganize tight junctions into unidirectional protrusions
oriented towards the nucleus, referred to as tight junction spikes?. There is a correlation
between tight junction spikes and deficits in alveolar epithelial barrier function, where
monolayer permeability (leak) increases with an increasing number of cells containing spikess.
However, the molecular composition of tight junction spikes and mechanisms by which spikes
are regulated have not been fully characterized.

Here primary rat alveolar epithelial cells were used to further investigate the characteristics
of tight junction spikes. Surprisingly, the molecular composition of tight junction spikes was
sensitive to chronic alcohol exposure, in that alveolar epithelial cells from alcohol fed rats were
deficient in claudin-18 as compared with unexposed cells. Alveolar epithelial cells also provided

a unique platform to define the relative orientation of adherens junctions to tight junctions and
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tight junction spikes, since their squamous morphology provided spatial separation between
these different elements of the apical junctional complex that is not readily observed in
columnar cells. We also identified a novel role for dynamin-2 in regulating tight junction spike
formation. Although, dynamin inhibitors have previously been shown to inhibit endocytosis in
alveolar epithelial cells9°, our findings are consistent with accumulating evidence

demonstrating that dynamins can act as an actin bundling protein**-1s.

Materials and Methods

Primary Alveolar Epithelial Cell Isolation

All animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Emory University and performed with the approval of the Division of Animal
Resources. Adult male Sprague-Dawley rats (150-200g, Charles River Laboratory) were used as
a source of primary alveolar epithelial cells. In most cases, rats were given standard chow and
water ad libitum. For experiments using the chronic alcohol rat model, Sprague-Dawley rats
(50-100g, Charles River Laboratory) were pair-fed an ethanol or control isocaloric maltose-
dextrin Lieber-DeCarli liquid diet (Research Diets) ad libitum for 6-8 weeks prior to cell
isolation®.

Type II AECs were isolated from rats according to Dobbs with modifications'¢. Lungs were
perfused with PBS with calcium and magnesium, then removed and lavaged with solution II (5.5
mM Dextrose, 10 mM HEPES, 2 mM CaCl,, 1.3 mM MgSO,, 140 mM NaCl, 5 mM KCIl, pH 7.4).
Elastase (1.6 units/ml, Worthington, Cat# LS002292) was instilled and continually circulated in
lavaged lungs while incubating in a 37°C water bath for 30-45 minutes. The lungs were then
manually dissected into 1 mma3 pieces, taking care to remove the trachea and bronchial tissue.
Diced lungs were resuspended in 5 mL fetal bovine serum (FBS) and 5 mL DNase solution (>

400 Kunitz units/mL in solution II, Sigma Cat# DN25). Lung suspensions were incubated for
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10-20 minutes with gentle rotation in a 37°C water bath. Lung suspensions were then filtered
through a 100 um cell strainer (Greiner Bio-one, Cat# 542-000) followed by 40 um cell strainer
(Greiner Bio-one, Cat# 542-040). Filtered cell suspensions were centrifuged at 250 g for 8
minutes. Remaining red blood cells were removed from cell pellets by resuspending in 5 mL of
0.87% ammonium chloride in 10 mM Tris (pH 7.6) for 5 minutes. 10 mL of Dulbecco’s Modified
Eagle Media (Corning Cat# 10-013-CV) containing 10% FBS (Atlanta Biologicals Cat# S11550),
100 U/mL penicillin (Sigma Cat# P4333), 10 mg/mL streptomycin (Sigma Cat# P4333), 0.25
ug/mL amphotericin B (VWR, Cat# 0414-1G), and 50 ug/mL gentamycin (Sigma Cat# G1397)
(DMEM) were added to the cell suspension, which was then centrifuged at 250 g for 8 minutes.
The cells were resuspended in 30 mL of DMEM and biopanned to remove macrophages on rat
IgG (0.5 mg IgG/mL 10 mM Tris buffer, pH 9.5, Sigma Cat# 18015)-coated cell culture grade
petri dishes (Genesee Scientific Cat# 25-202) for 1 hour at 37°C. Cell isolations using this
method routinely obtained 90-95% type IT AECs cell suspensions.

To produce model Type I AEC monolayers, isolated Type II AECs were plated on rat tail type-I
collagen (20 ug/mL, Roche Cat# 111791790) coated 12 mm Transwell-permeable supports
(500,000 cells) or 12 mm #1.5H coverslips (250,000 cells, Electron Microscopy Sciences Cat#
72290-01) unless otherwise stated. Cells were plated and refed every other day using DMEM.
Cells differentiated into a confluent model type I AEC monolayer after 4-5 days, and cells were

used for experiments on day 5 or 6.

Virus Transduction

AECs were transduced with adenovector encoding a NH2-terminal enhanced YFP-claudin-18 or
untagged claudin-5 on day 4 or 5 after isolation. Adenovector was bilaterally added to media at
the stated multiplicity before dispensing on cells. Cells were analyzed 48 hours after virus

addition unless otherwise stated.
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Localized Permeability Assay

The XPerT assay was performed according to Dubrovskyi et al with modifications?. Bovine skin
Type B gelatin (Sigma) was dissolved in 0.1 M bicarbonate buffer (pH 8.3) to a final
concentration of 10 mg/mL gelatin. Gelatin was stirred while heated in a water bath at 70°C
until completely dissolved. EZ-link NHS-LC-LC-biotin (Thermo) dissolved in DMSO to a
concentration of 5.7 mg/mL was added to gelatin to a final concentration of 0.57 mg/mL biotin.
Biotin/gelatin solution was aliquoted and frozen until needed. Biotin/gelatin-coated coverslips
were prepared by diluting 0.57 mg/mL biotin with 0.1 M bicarbonate buffer (pH 8.3) to a final
concentration of 0.25 mg/mL biotin and sterilized using a 0.22 um Steriflip filter. Diluted
biotin/gelatin was then added to coverslips and placed on a rocker at 4°C overnight. Excess
biotin/gelatin was removed by washing coverslips twice with warmed PBS with calcium and
magnesium before plating cells.

AECs were plated on biotin/gelatin-coated coverslips and allowed to differentiate for five days.
AECs were incubated with 25 ug/mL FITC-avidin (Invitrogen Cat# 434411) in serum-free
DMEM media with 100 U/mL penicillin (Sigma Cat# P4333), 10 mg/mL streptomycin (Sigma
Cat# P4333), 0.25 ug/mL amphotericin B (VWR, Cat# 0414-1G), and 50 pug/mL gentamycin
(Sigma Cat# G1397) for five minutes unless otherwise stated. AECs were then washed and fixed

for ZO-1 immunofluorescence as described below.

Paracellular permeability

Transepithelial resistance (TER) and paracellular permeability were measured on model Type I
AECs plated on Transwell-permeable supports. Cells were incubated in Ringer’s saline buffer
(150 mM NacCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4) 15
minutes prior to TER measurement and dye addition. TER was measured using an Ohmmeter
(World Precision Instruments, Sarasota, FL). Paracellular dye permeability was assessed by

simultaneous measurement of two different-sized fluorescent dyes, 2 pug/ml Calcein (0.62 kDa)
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(ThermoFisher) and 50 pg/mL Texas Red Dextran (10 kDa, ThermoFisher), in Ringer’s saline
buffer added to the apical chamber. The amount of dye that diffused to the basolateral chamber

over a two-hour incubation was measured using a microplate reader (Biotek Winooski, VT).

Dynamin Inhibitor Treatment

AECs were plated on collagen-coated coverslips and differentiated to a model type I AEC
monolayer as described above. On day 4 after cell plating, AEC media was changed to serum-
free DMEM. On day 5, cells were treated for four hours with 160 uM Dynasore in serum-free
DMEM. Cells were then prepared for immunofluorescence as described. All inhibitors were
dissolved in DMSO (Sigma Cat# D2438), with 0.25% DMSO used as a vehicle control in serum-

free DMEM.

Immunoblot

Model Type I AECs were washed twice with PBS with calcium and magnesium and incubated for
30 minutes on ice with RIPA buffer (Cell Signaling) containing Complete Protease Inhibitor
Cocktail (Roche Cat# 4693132001). Cells were scraped and collected, then briefly sonicated on
ice. Protein pellets were centrifuged for 10 minutes at 13200 g at 4°C. Protein concentration was
determined by BCA assay (Thermo Fisher Scientific Cat# 23225). Reducing SDS sample buffer
(10% glycerol, 1.25% SDS, 50 mM Tris pH 6.7 and 8.3 mg/mL dithiothreitol) was added to
supernatant. SDS sample buffer-protein samples were heated at 70°C for 10 minutes. Proteins
were resolved by SDS-PAGE using 4-20% Mini-PROTEAN TGX stain-free gradient SDS-
polyacrylamide gels, then transferred to nitrocellulose membranes (Bio-Rad Cat# 1704270). The
primary antibodies used for protein detection were rabbit anti-dynamin-1 (1:1,500, Abcam
3465), rabbit anti-dynamin-2 (1:1,500, Abcam 65556), rabbit anti-dynamin-3 (1:1,500, Abcam
183904), and mouse anti- B-actin (1:10,000, Sigma A5441). The secondary antibodies used were

goat anti-rabbit IgG IRDye 800CW (1:20,000, LI-COR) and goat anti-mouse IgG IRDye 680RD
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(1:20,000, LI-COR). Membranes were imaged using a Bio-Rad ChemiDoc MP Imaging System.
Relative protein quantification was relative to actin. LI-COR fluorescent images of immunoblots

were pseudocolored to greyscale images in the figures.

Immunofluorescence

Cell monolayers were washed twice with PBS with calcium and magnesium, then fixed for ten
minutes with 4% paraformaldehyde in PBS. Cells were then washed once with PBS and
incubated with 1 M glycine for five minutes. Cells were washed twice with PBS before being
permeabilized with 0.5% Triton X-100 (Fisher Scientific Cat# BP151-500) in PBS for five
minutes. Cells were blocked twice for five minutes with 0.5% Triton-X100 + 3% bovine serum
albumin (BSA, Fisher BP1600-100) in PBS. Primary antibodies were prepared in 3% BSA in PBS
and incubated overnight at 4°C. Cells were washed three times with 3% BSA in PBS and then
incubated with secondary antibodies prepared in 3% BSA in PBS for one hour at room
temperature. Cells were washed three times with 3% BSA in PBS followed by three washes with
PBS before mounting slides to coverslips. ProLong Diamond mounting solution (Invitrogen
Cat# P36961) was used to mount slides. Slides were allowed to dry at room temperature
overnight, then were sealed with clear sealant.

The following primary antibodies were used for immunofluorescence: rabbit anti-dynamin-1
(1:200, Abcam 3465), rabbit anti-dynamin-2 (1:200, Abcam ab65556), rabbit anti-dynamin-3
(1:200, Abcam 183904), rabbit anti-claudin-18 (1:200, Thermo Fisher 700178), rabbit anti-
claudin-18 (1:125, Thermo Fisher 388100), rabbit anti- B-catenin (1:400, Abcam ab32572),
mouse anti-a-catenin (1:250, Invitrogen 13-9700), mouse anti-ZO-1 (1:500, Invitrogen 339100),
and rabbit anti-ZO-1 (1:500, Invitrogen 40-2300).

The following secondary stains were used for immunofluorescence: goat anti-rabbit IgG Texas
Red (1:500, Jackson 111-075-144), goat anti-mouse IgG Cy2 (1:1,000, Jackson 115-225-166),

goat anti-rabbit IgG Cy2 (1:1,000, Jackson 115-165-166), goat anti-mouse IgG Cy3 (1:1,000,
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Jackson 111-225-144), goat anti-rabbit IgG AlexaFluor 488 (1:500, Abcam ab150073), goat anti-
mouse IgG AlexaFluor 594 (1:500, Abcam ab150116), goat anti-rabbit IgG AlexaFluor 594
(1:500, Invitrogen R37117), phalloidin-AlexaFluor-405 (1:40, Thermo A30104).

Slides were blinded before imaging. Widefield images were collected on using an Olympus IX70
microscope with a U-MWIBA filter pack (BP460-490, DM505, BA515-550) or U-MNG filter
pack (BP530-550, DM570, BA590-800). Minimum and maximum intensities for images were

adjusted in parallel so that the intensity scale remained linear to maximize dynamic range.

Stimulated Emission Depletion Microscopy

AECs from control-fed and alcohol-fed Sprague-Dawley rats were plated on coverslips coated
with rat tail type-I collagen (20 ug/mL, Roche Cat# 111791790). Immunolabeling was performed
as described above with modifications. Prior to 4% PFA fixation, cells were washed twice with
PBS with calcium and magnesium then 1:1 methanol/acetone fixation was performed for three
minutes. Cells were then washed once with PBS and fixed with 4% PFA as previously described.
Cells were permeabilized for five minutes with 0.5% Triton-X100 (Fisher Scientific Cat# BP151-
500) in PBS, then blocked twice for five minutes with 5% goat serum (Sigma Cat# G6767) with
0.5% Triton-X100 in PBS. Primary antibodies were made in 5% goat serum in PBS and
incubated on cells overnight at 4°C. Cells were washed three times for five minutes with 5% goat
serum in PBS, then incubated with secondary antibodies in 5% goat serum in PBS for one hour
at room temperature. Cells were washed three times for five minutes with 5% goat serum in
PBS, three times for five minutes with PBS. Coverslips were then mounted on slides using
Abberior TDE mounting media (Abberior). Primary antibodies used were rabbit anti-claudin-18
(1:125, Invitrogen 388000) and mouse anti-ZO-1 (1:200, Invitrogen 339100). Secondary
antibodies used were goat anti-rabbit IgG STAR580 (1:100, Abberior) and goat anti-mouse IgG
STARRED (1:100, Abberior). Samples were imaged using an Abberior easy3D STED Expert Line

system with Olympus IX83 inverted body microscope, Olympus Objective UPlanSApo
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100x/1.40 oil, and Excelitas APD detectors. Data were collected and analyzed using Abberior
ImSpector software. Samples were excited with 561 nm and 640 nm pulsed laser lines and

depleted with a 775 nm pulsed STED laser line.

Live-cell imaging

AECs were plated onto glass-bottom chamber slides (Lab-Tek II Cat# 155382) coated with rat
tail type I-collagen (20 ug/mL, Roche Cat# 111791790). On day 4, cells were transduced with
adenovirus encoding YFP-claudin-18 with a multiplicity of infection of 20. Media was changed
24 hours after transduction and one hour before live-cell imaging to phenol red-free DMEM
media (Sigma Ca#D1145) containing 10% FBS (Atlanta Biologicals Cat# S11550), 100 U/mL
penicillin (Sigma Cat# P4333), 10 mg/mL streptomycin (Sigma Cat# P4333), 0.25 ug/mL
amphotericin B (VWR, Cat# 0414-1G), and 50 ug/mL gentamycin (Sigma Cat# G1397) before
being moved to a Tokai Hit STXG stagetop incubator heated at 37°C with 5% CO.. In some
samples, cells were treated with 80 [JM Dynasore for 10 minutes prior to imaging. Under those
conditions, 2 out of 35 spikes increased in length and none of them became shorter. All images
were collected with a Nikon A1R HD25 confocal unit on a Nikon Ti2-E equipped with a Plan Apo
A 20x/0.75NA lens and the Perfect Focus System for maintenance of focus over time. EYFP
fluorescence excitation was with the 20 mW 488 DPSS laser in a LU-NV unit (selected with an
AOTF) and collected with a 525/50 filter. Confocal images were collected with a GaAsP PMT
using an 8 kHz resonant scanner with 16x averaging. Data were collected using NIS-Elements
AR 5.20.01 software (Nikon). Imaging was performed over a time period of 35.5 minute at
several multipoint locations with z-stacks (3 z-series/time-point/multipoint position, step-size
of 0.85 microns) collected at 30 s intervals using an 8 kHz resonant scanner. Images were taken
in 1024x1024 with a pixel size of 155nm pixels resolution with excitation laser power of 1.3% to
minimize photobleaching (excitation 488 nm with 525/50 emission filter cube). All z-stacks are

displayed as a maximum z-projection image. Images and movies were processed with ImageJ'8.
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Minimum and maximum intensities for images were adjusted in parallel so that the intensity

scale remained linear to maximize dynamic range.

ImageJ
Spike length measurements were collected using freehand line drawing tool in ImageJ to trace
tight junction spikes. Intensity along tight junction spikes was used on traced tight junction

spikes in merged two-channel images using the BAR plug-in multi-channel plot tool.

Statistics

All statistics were calculated using GraphPad Prism 8.0. Statistical significance for parametric
data was determined using unpaired two-tailed t-test to compare one dependent variable
against on independent variable. One-way analysis of variance with Tukey’s multiple
comparisons test was used to compare one dependent variable against multiple independent
variables. Two-way analysis of variance with Tukey multiple comparisons test was used to
compare multiple dependent variables against multiple independent variables. Non-parametric

data used the Mann-Whitney U-test. Data in graphs represent average +/- SD.

Results

Morphological classification of tight junction spikes

Stimulated emission depletion (STED) super-resolution immunofluorescence microscopy
revealed a broad range of tight junction spike morphologies in alveolar epithelial cells (AECs;
Figure 4.1 a,b). These could be categorized as short triangular protrusions, thinner spikes with
triangular bases, and elongated spikes with and without bulbous ends. The range of spike
morphologies and lengths observed using STED microscopy suggested that shorter triangular

protrusions might lengthen to form spikes. While STED microscopy allowed better resolution to
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distinguish the range of spike morphologies (Supplemental Figure 4.1), differences in spikes
could also be resolved by standard confocal immunofluorescence microscopy, which enabled us
to examine spikes in AECs expressing EYFP-claudin-18 by live cell microscopy. Previously, we
used this approach to demonstrate that tight junction spikes are sites of active vesicle budding
and fusion®. However, vesicle budding and fusion mainly occurred on elongated spikes, which,
over a 30-40 minute time course, did not show obvious changes in length8. To further
investigate changes in spike length, we screened fields from two independent preparations and
identified 55 tight junction spikes, of which only two showed an increase in length of at least 2
microns over a ~30 minute period of observation (Figure 4.1c; online publication, Supplemental
Movie 1). This suggests that spikes are relatively stable structures and that their formation is a
rare event.

We then used STED microscopy to detect claudin-18 and ZO-1 localization in tight junction
spikes. Super-resolution microscopy revealed that these tight junction proteins were not
uniformly distributed along the length of spikes, since there were regions that were enriched for
claudin-18, ZO-1 or showed equivalent amounts of both proteins (Figure 4.2 a,b). Given these
differences, we quantified the distribution of claudin-18 and ZO-1 in line scans of tight junction
spikes in AECs isolated from either control-fed rats or from rats fed an alcohol diet, conditions
that increase the formation of tight junction spikes and also induce paracellular leak across tight
junctionss. Tight junction spikes from control AECs showed an increase in claudin-18 and a
decrease in ZO-1 along the length of spikes (Figure 4.2 c,d). By contrast, spikes in alcohol-
exposed AECs showed a decrease in claudin-18 along spike length, which paralleled the decrease
in ZO-1. The difference between spikes in control vs alcohol-exposed AECs was more readily
apparent when the claudin-18/Z0-1 ratio was calculated (Figure 4.2 e,f), where spikes from
control AECs had an overall enrichment in claudin-18 relative to ZO-1 along spike length as
compared with spikes from alcohol-exposed AECs. The claudin-18/Z0-1 ratio at the end of

spikes (7 um) was significantly higher in control AECs compared with alcohol AECs (Figure
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4.2g). This supports a model where claudin-18 differentially associates with tight junction
scaffold proteins and is impacted by chronic exposure to alcohol, consistent with previous

observations.8

Tight junction spikes are not sites of increased paracellular leak

There are several lines of evidence correlating an increase in tight junction spikes with
increased barrier permeability.8192° We thus hypothesized that tight junction spikes might
correspond to areas which are prone to increased paracellular permeability. To define where
AEC monolayers were preferentially permeable, we employed the XPerT assay, which is based
on the ability of FITC-avidin (~67 kDa) to have access to biotinylated residues on the
extracellular matrix?7. For this assay, freshly isolated AECs were plated on biotin/gelatin-coated
coverslips and allowed to differentiate for 6 days into a type I cell monolayer. The monolayers
were then incubated with FITC-avidin for 5 minutes, followed by fixation and
immunofluorescence staining for ZO-1 as a marker for tight junctions (Figure 4.3). Control AECs
showed little FITC-avidin labeling, consistent with their forming a tight monolayer; however,
there were some foci that did show increased permeability (Figure 4.3 b,e).

We then performed the XPerT assay on AECs that were transduced with claudin-5, which
causes increased paracellular leak and mimics the effects of chronic alcohol exposure on barrier
function.® As shown in Figure 4.3 f-h, AECs expressing increased claudin-5 showed increased
paracellular leak as compared with control AECs. There were multiple sites labeled with FITC-
avidin in claudin-5 expressing AECs, however, these sites corresponded to areas with significant
discontinuities in ZO-1 localization, as opposed to sites containing tight junction spikes. These
data suggest that spikes in and of themselves are not prone to paracellular leak, and instead

more likely to have a different role in regulating AEC barrier function.
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Adherens junctions are asymmetrically opposed to tight junction spikes

Adherens junctions associate closely with tight junctions as part of the apical junctional
complex and regulate tight junction formation.2-23 Since tight junction spikes orient
asymmetrically from cell-cell junctions, we examined the localization of the adherens junction
protein B-catenin to determine where it was localized relative to claudin-18 and ZO-1 containing
tight junction spikes. Immunostaining of AECs demonstrated that -catenin was asymmetrically
localized, relative to tight junctions, and only partially overlapped with ZO-1 and claudin-18
(Figure 4.4 a,c), consistent with our previous qualitative analysis.®9

We then quantified the orientation of $-catenin in areas where it was adjacent to tight
junction spikes from four independent preparations (Figure 4.4b). Of 751 identified sites with a
high concentration of B-catenin, 582 were localized at areas adjacent to sites where tight
junction spikes containing ZO-1 were present. Interestingly, f-catenin areas were
overwhelmingly oriented away from tight junction spikes, with an average of 71 percent of them
protruding away from B-catenin. B-catenin showed a similar pattern of localization adjacent to
tight junction spikes labeled for claudin-18 (Figure 4.4c) as well as a-catenin (Supplemental
Figure 4.2).

This analysis benefitted from the squamous morphology of AECs, which showed good
separation between adherens junctions and tight junctions. Whether these morphological
hallmarks also occur in columnar epithelial cells remains an open question, primarily since
adherens junction and tight junction proteins imaged in the x-y plane of focus normally appear
as a continuous overlapping band demarking the circumference of each cell2425 and the x-z plane
is more difficult to resolve.

Adherens junctions and tight junctions both interact with the actin cytoskeleton, specifically
through scaffold proteins such as catenins and ZO-1, respectively20-29. To visualize co-
localization of these proteins with the actin cytoskeleton, we double labeled AECs with Alexa

405-phalloidin, labeling actin, along with either anti-B-catenin or anti-ZO-1 (Figure 4.5). AECs
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had prominent actin filaments that radiated from a central point in the interior of the cell, that
co-localized with B-catenin at the terminal ends (Figure 4.5a). Tight junction spikes also co-
localized with radiating actin filaments, with spikes projecting along actin filaments towards the
cell interior (Figure 4.5b). In addition to actin filaments, we observed faintly visible cortical

actin that co-localized with ZO-1 at AEC tight junctions as previously described.»

Dynamin-2 regulates tight junction morphology and function

The alcoholic lung phenotype is associated with increased paracellular permeability both in
vitro and in vivo and correlates with an increase in tight junction spikes!9-20:3°, Dynamin has
previously been shown to induce membrane bending (including vesicle fission) and also
interacts with actin4-3-33, suggesting that dynamins are candidate regulators of both processes.
Consistent with this, we previously found that a dynamin inhibitor, Dynasore, decreased the
number of AECs containing tight junction spikes®. Thus, we measured the effects of Dynasore
(four hours,160 uM) on AEC barrier function of cells from either control-fed or alcohol-fed rats
(Figure 4.6). Consistent with our previous analysis, we found that AECs from alcohol-fed rats
were leakier than control AECs, based on measurements of transepithelial resistance (TER), and
paracellular flux of calcein and Texas Red Dextran (10 kDa) (Figure 4.6a).

Surprisingly, AEC monolayers showed a decrease in TER in response to Dynasore,
suggesting an increase in paracellular leak, regardless of whether the AECs were from control or
alcohol-fed rats. We also measured the effect of Dynasore on paracellular flux of calcein through
control and alcohol-fed AEC monolayers, which also increased (Figure 4.6 b,c). However,
although Dynasore increased calcein permeability, Texas Red Dextran (10 kDa) permeability
decreased in both control and alcohol-exposed AECs (Figure 4.6 d,e). These data support a
model where Dynasore specifically alters paracellular flux by simultaneously increasing small
molecule leakage and decreasing large molecule permeability. This differential pattern of

changes in tight junction permeability is not without precedent, since claudin-5 deficient mice
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show a similar preferential increase in small molecule permeability to the blood brain
barriers4:3s,

Given the effect of Dynasore on AEC permeability, we measured expression of the three
isoforms of dynamin in AECs by immunoblot. Consistent with other epithelial cells, dynamin-2
was the dominant isoform present3®37, however there were low levels of dynamin-1 (Figure 4.7
a,b). Dynamin-3 was undetectable. Localization of dynamin-2 was determined by
immunofluorescence microscopy, where AECs were double-labeled with anti-dynamin-2 and
anti-B-catenin, claudin-18, or ZO-1 (Figure 4.7 c-e). Dynamin-2 strongly localized to linear cell-
cell junctions including areas with tight junction spikes, co-localizing with the tight junction
proteins claudin-18 and ZO-1. Slight dynamin-2 staining was visible co-localizing with some
tight junction spikes, though dynamin-2 was predominantly localized at linear intercellular tight
junctions. In areas with asymmetrical B-catenin, line scans show that dynamin-2 is
predominantly localized at one edge of B-catenin near the linear cell-cell junction with fainter
dynamin-2 staining visible throughout areas containing -catenin.

To determine whether Dynasore-induced changes in barrier function correlated with
morphological changes to tight junctions and adherens junctions, we investigated localization of
Z0-1, B-catenin, and actin with and without Dynasore treatment (four hours,160 pM).
Consistent with our previous work 8, Dynasore caused a significant decrease in the number of
tight junction spikes (Figure 4.8). From 327 AEC tight junction spikes analyzed, the median
spike length was 2.1 microns. Based on this, we used a cutoff of two microns to distinguish
shorter spikes from longer spikes. Dynasore treatment affected tight junction spikes of all
lengths, with no observed preferentiality to groups of spikes below or above 2 microns in length
(Figure 4.8c¢).

Dynasore treatment also decreased actin stress fibers, and concurrently increased the
appearance of cortical actin. Cortical actin co-localized with ZO-1 staining at linear junctions,

suggesting that when dynamin-inhibition decreases tight junction spikes, ZO-1 and actin were



150

reabsorbed back into intercellular linear tight junctions. Conversely, para-junctional regions
enriched for B-catenin remained present in Dynasore-treated cells. This suggests a model where
dynamin-2 acts as an intermediary between adherens junctions and linear tight junctions to

drive the formation of tight junction spikes (Figure 4.9).

Discussion

In this study, we defined the molecular composition of tight junction spikes and investigated
their role in barrier function in AECs. There was a distinct, asymmetrical separation of tight
junction spikes and adherens junctions. Despite the striking separation of adherens junctions
and tight junction spikes, we found that these regions were not prone to increased paracellular
permeability using a local permeability immunofluorescence assay. For the first time, we found
that dynamin-2 localized to AEC tight junctions. Consistent with this observation, the dynamin
inhibitor Dynasore decreased tight junction spikes, rescued barrier function, and induced
formation of cortical actin. These findings suggest a model where cytoskeletal rearrangement
induces tight junction spike formation and a disruption in barrier capabilities at tight junctions.

We observed a unique orientation of lateral junctions at cell-cell interfaces. Unlike cuboidal
polarized epithelia, which form closely opposed tight junctions and adherens junctions3® AECs
are squamous and have overlapping areas of cell-cell contact39. Though often portrayed in
models as forming junctions at non-overlapping cell-cell interfaces, the asymmetrical staining
pattern we observed of -catenin relative to ZO-1 suggests that tight junctions form at the edge
of overlapping cells and adherens junctions form along the majority of the overlapping cell-cell
interface. Given that AECs are squamous and very thin (0.1-0.2 microns), overlap of these cells
in culture conditions is highly likely and has been noted in EM sections of intact alveoli.2439

Squamous AECs afforded the unique viewpoint of the lateral junction interface that
facilitated visualization of crosstalk between the actin cytoskeleton, tight junctions, and

adherens junctions. Specifically, we can better observe associations between tight junction spike
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formation and changing actin morphology at junctions. This unique view separating tight
junctions and adherens junctions along the x-y plane confirms our hypothesis that spike
formation occurs specifically at tight junctions.

This orientation of the cell-cell interface provides an optimal view of lateral junction
interactions especially with the actin cytoskeleton. The asymmetrical localization of B-catenin
relative to tight junctions, particularly at areas with tight junction spikes, and the association
with actin stress fibers suggests that cytoskeletal orientation of tension could be partly
responsible for the asymmetrical localization of B-catenin and tight junction spikes. Moreover,
changes in tension between cells can be sensed and regulated by adherens junctionss9-¢, The
asymmetrical distribution of B-catenin at junction interfaces suggests an asymmetry in
cytoskeletal forces at the junction. The opposing orientations of tight junction spikes and
asymmetrical B-catenin staining suggest opposing cytoskeletal-mediated tension pulling
separately at the tight junction and adherens junction, such as contractile forces exerted by
actomyosin. Consistent with this, myosin II regulatory light chain phosphorylation, a marker of
actomyosin contraction, has been correlated with an increase in tight junction permeability404:.

Alternatively, actin filaments could be propelling tight junction spike formation through
actin polymerization similar to the construction of other cell appendages like filopodia and
lamellipodia, with asymmetrical adherens junctions perhaps representing the starting point of
the apical junctional complex prior to tight junction spike formation. This scenario hints at a
lack of opposing forces countering tight junction formation. One notable example in MDCK cells
demonstrated aberrant apical membrane expansion enriched in F-actin and dysregulated
microvilli structures occurring with ZO-1 knockdown, in addition to an increase in cortical actin
staining42. Interestingly, Dynasore treatment of ZO-1-depleted cells rescued these phenotypes,
suggesting that in addition to its role as a cytoskeletal organizer, ZO-1 could play a role in
regulating membrane traffic'>27. It is possible that disassociation of ZO-1 from the actin

cytoskeleton could be leading to dysregulation of membrane trafficking and an increase in tight
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junction spikes. This supports a model of tight junction spike formation through unchallenged
and unequal cytoskeletal force distribution, but further work is needed to better define whether
this is the case.

Previous work demonstrated that ZO-1- and claudin-18-labelled vesicles budded from and
fused with tight junction spikes, suggesting that spikes could be areas of increased tight junction
turnover and trafficking.8 43 44 We demonstrated a decrease in tight junction spikes with
inhibition of the endocytosis protein dynamin using the inhibitor Dynasore. Dynamin is a large
GTPase that primarily plays a role in clathrin-mediated endocytosis. Dynamin facilitates
endocytic vesicle formation by dimerizing and wrapping around the neck of a budding vesicle.
The hydrolysis of GTP causes dynamin to cinch the neck of the budding vesicle, effectively
merging the plasma membrane to release the vesicle#. It is possible that incomplete scission by
dynamin or friction-induced elongation of vesicles during endocytosis plays a role in tight
junction spike formation4®.

Alternatively, dynamin has more recently been shown to interact with the actin cytoskeleton
to create actin filament bundles. Dynamin’s association with actin has been well documented.
One particularly relevant example in a drosophila cell line revealed that dynamin was able to
facilitate invadasome structures through assembly with actin filamentss32. Similarly, in a rat
glioma-derived cell line, inhibition of dynamin-1 resulted in decreased actin bundling and
stunted filopodia and lamellipodia formation3'. Considering that dynamin colocalized with ZO-1
at cell-cell junctions, partially overlapped with B-catenin, and that Dynasore treatment induced
cytoskeletal rearrangement, it is likely that dynamin is facilitating tight junction spike formation
through association with actin filaments. However, these results should be interpreted with
caution, since Dynasore has been shown to have off-target effects such as cholesterol
perturbations®47,

We found that tight junction spikes themselves were not the sites of increased leak,

suggesting an indirect role for them in controlling paracellular barrier function. For instance, it
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is possible that tight junctions respond to changes in tension that result in increased leakiness+8-
50, The rearrangement of cortical actin structures with Dynasore treatment correlated with a
decrease in tight junction spikes and a recovery of large molecule permeability, suggesting that
the formation of spikes is coupled with tensile-actin forces, which can induce leak at stress
points in cell monolayers, such as with focal adherens junction formations'. Interestingly, when
rat type I AECs were stretched to 25 percent change in surface area (equivalent to 100 percent
total lung capacity), rearrangement of actin into more cortical structures was observed without
changes to tight junction morphologys2. Whether tight junction spikes are formed by changes in
tension remains to be determined.

The association of tight junction spikes with leaky alveolar monolayer phenotypes (i.e.
chronic alcohol models, increased claudin-5 expression) suggested that tight junction spikes
could be areas of increased paracellular leak. However, we directly tested this hypothesis and
found that this was not the case. Instead, the presence of vesicles at tight junction spikes
suggests that these spikes are areas of increased tight junction turnover, which also could be
associated with increased leak. Similar spike structures have been visualized at desmosomes in
keratinocytes treated with Pemphigus vulgaris antisera and associate with endocytosis of
junctional proteinsss. It is also possible that these spikes are pools of tight junction proteins that
are separate from strand-incorporated tight junctions. Previous data surveying tight junction
proteins in cells from alcohol-fed rats saw a significant increase in claudin-5, but not a
significant increase in other claudins or ZO-1. This suggests that the lengthening of tight
junctions through the formation of tight junction spikes is not being compensated with an
increase in tight junction proteins, and therefore the stoichiometry of tight junction proteins in
the apical junctional complex could be affected.

There is considerable heterogeneity in the intracellular distribution of junction proteins and
only a subset of cells within a monolayer have tight junction spikes. Our data demonstrate that

the impact of chronic alcohol use on barrier function is also heterogenous across the alveolar
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monolayer. Further work defining how interactions between adherens junctions and tight
junction are affected by alcohol and other stresses at a molecular level will help determine their

impact on alveolar barrier function and susceptibility to acute lung injury.
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Figure 4.1
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Figure 4.1: Morphological diversity of tight junction spikes. (a) AECs isolated from
Sprague-Dawley rats were cultured on collagen-coated coverslips for 6 days. The cells were then
fixed, permeabilized, immunolabeled for claudin-18 and analyzed by stimulated emission
depletion (STED) super-resolution microscopy, Bar: 2.5 microns. Images are representative of n
= 14 fields collected from 3 coverslips from N = 2 biological replicates. (B) Diagram showing

different morphological profiles of tight junction spikes observed by immunofluorescence. (c)
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Live-cell imaging of AECs expressing EYFP-cldn-18 showing two examples of tight junction

spikes increasing in length over a 30 minute period of observation (arrows). Bar: 2.5 microns.
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Figure 4.2
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Figure 4.2: Distribution of claudin-18 and ZO-1 differs along length of tight

junction spikes. (a) AECs isolated from control and alcohol-fed Sprague-Dawley rats were
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cultured on collagen-coated coverslips for 6 days. The cells were then fixed, permeabilized,
immunolabeled for ZO-1 (red) and claudin-18 (cyan) and analyzed by stimulated emission
depletion (STED) super-resolution microscopy. Shown is an example of an individual tight
junction spike. Bar: 1 micron. (b) Line scans of the image in (a) show differential distribution of
Z0-1 and claudin-18. (c,d) Aggregate intensity data of claudin-18 (¢) and ZO-1 (d) calculated as
mean + SD from control AECs (2 biological replicates, 84 spikes) and alcohol-exposed AECs (2
biological replicates, 92 spikes). Trend lines show claudin-18 intensity increased with spike
projection length for control AECs and decreased for alcohol-exposed AECs (**p=0.0014,
simple linear regression with slope comparison), however ZO-1 intensity decreased for both
classes of AECs (ns — not significant, simple linear regression with slope comparison). (e,f) The
claudin-18/Z0-1 ratio increased for spikes in control AEC (** p=0.0016, one-way ANOVA with
Tukey’s test of multiple comparisons) but not for alcohol-exposed AECs (ns — not significant).
(g) The claudin-18/Z0-1 ratio at 7 microns was higher for spikes from control AECs (n=22) vs
alcohol exposed AECs (n=43) (* p=0.021, unpaired two-tailed t-test). Images are representative

of n = 178 spikes imaged across 14 fields from 3 coverslips from N = 2 biological replicates.
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Figure 4.3: Claudin-5 induced paracellular leak is localized. (a-e¢) AECs isolated from

Sprague-Dawley rats were cultured on biotinylated gelatin-coated coverslips for 6 days. The live
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cells were then incubated with FITC-avidin (cyan) for 5 minutes, then fixed and immunolabeled
for ZO-1 (red). Examples of fields are shown in (a,b). Line scans of representative areas
containing a linear tight junction (c), a tight junction spike (d) or a localized area with increased
permeability (e) are shown where the blue line represents FITC-avidin and the red line
represents ZO-1. Dashed lines in merged images denote where line scans were taken. (f) AECs
were cultured on biotinylated gelatin-coated coverslips and transduced at day 2 with claudin-5
(AdCldn-5) at MOI=25 . AECs were further cultured for a total of 6 days before labeling with
FITC-avidin and ZO-1, which revealed several areas of enhanced FITC-avidin permeability. A
line scan of an area with enhanced permeability is shown in (g). (h) AdCldn-5 transduced cells
were significantly more permeable to FITC-avidin as compared with untreated AECs (* p=0.015,
unpaired two-tailed t-test). Images are representative of n = 26 control fields and 26 AdCldn-5

fields collected from N = 4 individual coverslips. Bars: 10 microns.
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Figure 4.4
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Figure 4.4: Asymmetric localization of B-catenin relative to tight junction spikes.
(a) AECs isolated from control Sprague-Dawley rats were cultured on collagen-coated coverslips
for 6 days. The cells were then fixed, permeabilized, immunolabeled for B-catenin (red) and ZO-
1 (cyan) and imaged by immunofluorescence microscopy. The majority of B-catenin
preferentially localized to areas opposed to sites containing tight junction spikes. Squares
indicate magnified areas. Most B-catenin localized at the opposing side of tight junction spikes

at bicellular junctions (arrows), but some B-catenin localized adjacent to tight junction spikes
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(arrowheads). There was occasional 3-catenin localized at or near the ends of tight junction
spikes, but most spikes did not contain B-catenin. (b) The number of regions containing -
catenin opposed to tight junction spikes was significantly higher than the number of B-catenin
regions coincident with tight junction spikes (**** p < 0.0001; 5 biological replicates, n=751
regions of interest; unpaired two-tailed t-test, average + SD). (c) B-catenin (red) predominantly
localized opposite to spike-associated Claudin-18 (cyan) (arrows) and occasionally adjacent to
Claudin-18 (arrowheads). Images are representative of four independent experiments. Bars: 10

microns.
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Figure 4.5
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Figure 4.5: Localization of -catenin and ZO-1 relative to actin stress fibers. (a)

AECs isolated from Sprague-Dawley rats were cultured on collagen-coated coverslips for 6 days.
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The cells were then fixed, permeabilized, and immunolabeled for B-catenin (cyan) and actin
(red). Squares show position of magnified regions below. Arrows indicate $-catenin at
intercellular linear junctions. Actin filaments appear to terminate in regions containing high
levels of B-catenin (arrowheads). (b) AECs double labeled with ZO-1 (cyan) and actin (red) show
tight junction spikes aligning along actin filaments (arrowheads) distinct from ZO-1 at linear
intercellular junctions (arrows). Images are representative from three independent experiments.

Bars: 10 microns.
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Figure 4.6: Dynasore alters alveolar epithelial barrier permeability. AECs isolated
from control and alcohol-fed Sprague-Dawley rats were cultured on collagen-coated Transwell

permeable supports for 6 days, then treated with dynasore (160 uM) for 4 hours. Barrier
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permeability was measured by transepithelial resistance (TER; a) and paracellular flux of calcein
(b,c) and 10 kDa Texas Red dextran (d,e). Alcohol-exposed AECs were leakier than control AECs
as measured by TER (* p=0.020, n=3), calcein flux (** p=0.0027, n=3) and Texas Red dextran
flux (*** p=0.0005, n=3). For both control and alcohol-exposed AECs, Dynasore treatment
decreased TER (**** p< 0.0001; *** p=0.0006) and increased calcein flux (**** p < 0.0001).
However, paracellular flux of Texas Red dextran was inhibited by Dynasore (**** p<0.0001),

suggesting a specific block of macromolecular flux but not small molecule flux.
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Dawley rats were cultured on collagen-coated Transwell permeable supports for 6 days and then

collected as protein lysates for immunoblot analysis (n = 3 biological replicates). ** p=0.004,
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one-way ANOVA with Tukey’s test of multiple comparisons, average + SD. (c¢,d) AECs on
collagen-coated coverslips were fixed and immunolabeled for (¢) ZO-1 (red) and dynamin-2
(cyan) or (d) B-catenin (red) and dynamin-2 (cyan). (e) AECs transduced with EYFP-claudin-18
(red) at MOI 25 on day 2 were fixed and immunolabeled for dynamin-2 (cyan). Dashed lines in
(c-e) merged images denote where line scans were taken. Dynamin-2 showed sharp localization
with tight junctions, (arrows), but only partially localized with B-catenin (d). Images are

representative from three independent experiments.
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Figure 4.8: Dynasore treatment decreases spike formation and increased cortical
actin. AECs isolated from Sprague-Dawley rats were cultured on collagen-coated coverslips for
6 days. The cells were then treated with vehicle control (a) or Dynasore (160 uM) for 4 hours (b),
then fixed and triple labeled with AlexaFluor405-phalloidin (actin, red), B-catenin (cyan), and
Z0-1 (white). Compared with control AECs (a), Dynasore treated AECs (b) showed enhanced
cortical actin as well as increased actin associated with B-catenin. Bar: 10 microns. (¢) Dynasore
treatment also significantly decreased the number of tight junction spikes as determined by ZO-

1 immunofluorescence, comparing control AECs (2 biological replicates, 396 spikes < 2 um, 613
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spikes > 2 um) and Dynasore treated AECs (2 biological replicates, 99 spikes < 2 um, 268 spikes
>2um). * p = 0.021, # p = 0.012, two-way ANOVA with Tukey’s test of multiple comparisons,

average + SD. Images are representative of n = 6 fields from two independent experiments.
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Figure 4.9: Organization of dynamin, actin, and junctions at tight junction spikes.

This model represents three regions in squamous rat alveolar epithelial cells present near tight

junction spikes. The region of overlap between neighboring cells is depicted with adherens
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junctions tethering actin filaments at cell-cell junctions. Dynamin localized to linear tight
junctions bundles actin filaments, facilitating interactions with ZO-1 to enable formation of tight

junction spikes.
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Supplemental Figure 4.1
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Supplemental Figure 4.1. STED microscopy enhances resolution of tight junction
spikes. AECs isolated from Sprague-Dawley rats were cultured on collagen-coated coverslips
for 6 days. The AECs were fixed, immunolabeled for claudin-18 (cyan) and ZO-1 (red), then
imaged using conventional confocal fluorescence microscopy (a,c) and stimulated emission
depletion (STED) super resolution microscopy (b,d). Inset boxes in (a) and (b) correspond to (c)
and (d), respectively. Images are representative of n = 6 (control-fed) and 8 (alcohol-fed) fields.

Bars: 10 microns.
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Supplemental Figure 4.2

a a-catenin

Supplemental Figure 4.2: Colocalization of a-catenin and B-catenin. AECs isolated
from Sprague-Dawley rats were cultured on collagen-coated coverslips for 6 days. The cells were
then fixed, immunolabeled for a-catenin (cyan) and B-catenin (red) (a) or a-catenin (cyan) and
Z0-1 (red). a-catenin and B-catenin showed comparable distribution and co-localization,
consistent with their association with adherens junctions. Images are representative from three
independent experiments. Images are representative from three independent experiments. Bar:

10 microns.
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CHAPTER 5: IDENTIFICATION OF THE CLAUDIN-18 PROXIMAL PROTEOME
USING AN N-TERMINAL BIOTIN LIGASE

K. Sabrina Lynn, Barbara Schlingmann, Michael Koval

This work is in the preliminary phase of data analysis has not been published.

Introduction

Tight junctions are protein complexes that form at contact sites between cells to regulate the
paracellular flow of small molecules, water, and ions between adjacent cells. They are composed
of distinct protein components that contribute to barrier function, including claudin family
transmembrane proteins and scaffolding proteins like Zonula Occludens (i.e. ZO-1, ZO-2) that
link claudins to the actin cytoskeleton to promote barrier function.2 Though it is well established
that changes in the expression and composition of tight junction proteins can drastically affect
barrier function, the molecular mechanisms that control tight junction regulation and assembly
require further characterization.

A unique spike-like morphology has been observed in tight junction spikes of primary rat
alveolar epithelial and associated with increased barrier permeability. We have previously
demonstrated that increased tight junction spike (TJ spike) formation correlated with changes
in interacting partners of claudin-18.3 Specifically, this was demonstrated by an increase in
claudin-18/claudin-5 colocalization and decrease in claudin-18/Z0-1 colocalization at 20 nm
resolution. The decrease in claudin-18/Z0-1 colocalization associated with a change in barrier
function suggests that changes in claudin-18 interacting proteins promote TJ spike formation.
However, isolating membrane-associated tight junction proteins biochemically is difficult
different tight junction proteins are differentially sensitive to detergent solubilization. Also,

biochemical isolation techniques disrupt the native microenvironment of tight junctions. Thus,
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methods to identify novel spike-associated claudin-18 protein interactors are necessary to
elucidate the molecular mechanisms behind TJ spike formation.

The tight junction proteome is known to contain cytoskeleton, polarity, and signaling
proteins but the breadth of interacting partners has not been fully elucidated. Recent
employment of the BioID method has proven successful in identifying interacting partners of
several tight junction proteins, including ZO-1, occludin, and claudin-4 as well as the adherens
junction protein E-cadherin.4-¢ BioID utilizes a promiscuous biotinylating enzyme BirA
identified in Escherichia coli that has the capacity to biotinylate proximal and interacting
proteins within a 20 to 30 nm radius.” BioID analysis of claudin-4 and occludin revealed
interactions with other expected tight junction proteins, but also identified proteins associated
with signaling and endocytic trafficking, with claudin-4 and occludin interacting with distinct
proteins within these categories.

Remarkably, BioID of the proteome of comparing BirA linked to either the N- and C-
terminus of ZO-1 revealed distinct differences in protein interactions, with the N-terminus
favoring interactions with tight junction proteins and the C-terminus favoring interactions with
the cytoskeleton.4 In each case, BioID revealed hundreds of biotinylated proteins including both
known and previously unknown protein interactions. This indicates that the tight junction
proteome is vast and BioID could provide insight into the molecular machinery at tight
junctions responsible in TJ spike formation. Here, we used a BirA-claudin-18 chimera to

investigate the proximal claudin-18 proteome in primary rat alveolar epithelial cells (AECs).

Materials and Methods
Adenovirus production and infection

Adenovirus particles were packaged and amplified by ViraQuest Inc. and Vector Builder.
AECs were transduced with adenovector encoding a NH2-terminal enhanced YFP-claudin-18 or

NH2-terminal BirA-claudin-18 on day 4 or 5 after isolation. Adenovector was added to media at
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the stated multiplicity of infection (MOI) before dispensing on cells. Cells were analyzed 48 h

after virus addition unless otherwise stated.

Primary Alveolar Epithelial Cell Isolation

All animal protocols were reviewed and approved by the Institutional Animal Care and Use
Committee of Emory University and performed with the approval of the Division of Animal
Resources. Adult male Sprague-Dawley rats (150-200g, Charles River Laboratory) were used as
a source of primary alveolar epithelial cells. In most cases, rats were given standard chow and
water ad libitum. For experiments using the chronic alcohol rat model, Sprague-Dawley rats
(50-100g, Charles River Laboratory) were pair-fed an ethanol or control isocaloric maltose-
dextrin Lieber-DeCarli liquid diet (Research Diets) ad libitum for 6-8 weeks prior to cell
isolation.3

Type II AECs were isolated from rats according to Dobbs with modifications.® Lungs were
perfused with PBS with calcium and magnesium, then removed and lavaged with solution II (5.5
mM Dextrose, 10 mM HEPES, 2 mM CaCl2, 1.3 mM MgS0O4, 140 mM NaCl, 5 mM KClI, pH 7.4).
Elastase (1.6 units/ml, Worthington, Cat# LS002292) was instilled and continually circulated in
lavaged lungs while incubating in a 37°C water bath for 30-45 min. The lungs were then
manually dissected into 1 mm3 pieces, taking care to remove the trachea and bronchial tissue.
Diced lungs were resuspended in 5 mL fetal bovine serum (FBS) and 5 mL DNase solution ([
400 Kunitz units/mL in solution II, Sigma Cat# DN25).

Lung suspensions were incubated for 10-20 min with gentle rotation in a 37°C water bath
then filtered through a 100 um cell strainer (Greiner Bio-one, Cat# 542-000) followed by 40 um
cell strainer (Greiner Bio-one, Cat# 542-040). Filtered cell suspensions were centrifuged at 250
g for 8 min. Remaining red blood cells were removed from cell pellets by resuspending in 5 mL
of 0.87% ammonium chloride in 10 mM Tris (pH 7.6) for 5 min. 10 mL of Dulbecco’s Modified

Eagle Media (Corning Cat# 10-013-CV) containing 10% FBS (Atlanta Biologicals Cat# S11550),
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100 U/mL penicillin (Sigma Cat# P4333), 10 mg/mL streptomycin (Sigma Cat# P4333), 0.25
ug/mL amphotericin B (VWR, Cat# 0414-1G), and 50 ug/mL gentamycin (Sigma Cat# G1397)
(DMEM/10) were added to the cell suspension, which was then centrifuged at 250 g for 8 min.
The cells were resuspended in 30 mL of DMEM/10 and biopanned to remove macrophages on
rat IgG (0.5 mg IgG/mL 10 mM Tris buffer, pH 9.5, Sigma Cat# 18015)-coated cell culture grade
tissue culture dishes (Genesee Scientific Cat# 25-202) for 1 h at 37°C. Cell isolations using this
method routinely obtained 90-95% type IT AECs cells.

To produce model Type I AEC monolayers, isolated Type IT AECs were plated on rat tail
type-I collagen (20 pug/mL, Roche Cat# 111791790) coated 12 mm Transwell-permeable supports
(500,000 cells) unless otherwise stated. Cells were plated and refed every other day using
DMEM/10. Cells differentiated into a confluent model type I AEC monolayer after 4-5 days, and

cells were used for experiments on day 5 or 6.

Analysis of BioID by Immunofluorescence

Rat type IT AECs were plated on collagen-coated Transwells. The cells were cultured for
three days, then transduced with either YFP-claudin-18 or BirA-claudin-18 at MOI 10 or 50. 48
h after transduction, the medium was replaced with Opti-MEM containing 100 uM biotin and
further incubated for 12 h at 37°C prior to processing for immunofluorescence.

Cell monolayers cultured on Transwells were washed twice with PBS containing calcium and
magnesium, then fixed for 15 min with 4% paraformaldehyde in PBS. Cells were washed twice
with PBS before being permeabilized with 0.5% Triton X-100 (Fisher Scientific Cat# BP151-500)
in PBS for 5 min. The samples were blocked twice for 5 min with 0.5% Triton-X100 + 3% bovine
serum albumin (BSA, Fisher BP1600-100) in PBS.

Rabbit anti-claudin-18 (1:125, Thermo Fisher 388100) was prepared in 3% BSA in PBS then
added to samples which were incubated overnight at 4°C. The samples were washed three times

with 3% BSA in PBS, incubated with goat anti-rabbit IgG Cy2 (1:1,000, Jackson 115-165-166),
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and streptavidin-Cy3 (Jackson 016-160-084) prepared in 3% BSA in PBS for 1 h at room
temperature. Cells were washed three times with 3% BSA in PBS followed by three washes with
PBS before mounting slides to coverslips. ProLong Diamond mounting solution (Invitrogen
Cat# P36961) was used to mount slides. Slides were allowed to dry at room temperature
overnight prior to application of clear sealant.

Widefield images were collected on using an Olympus IX70 microscope with a U-MWIBA
filter pack (BP460-490, DM505, BA515-550) or U-MNG filter pack (BP530-550, DM570,
BA590-800). Minimum and maximum intensities for images were adjusted in parallel so that

the intensity scale remained linear to maximize dynamic range.

Analysis of BioID by Immunoblot

Type II AECs isolated from two control or alcohol fed rats were plated in two collagen-coated
60 mm tissue culture dishes (24.5 million control cells each, 15.5 million alcohol exposed cells
each). The cells were cultured for three days, then transduced with either YFP-claudin-18 or
BirA-claudin-18 at MOI 25. 48 h after transduction, the medium was replaced with Opti-MEM
containing 100 uM biotin and further incubated for 12 h at 37°C.

Following biotinylation, the cells were washed twice with PBS with calcium and magnesium,
trypsinized in 100 ul for 5 min at 37°C, transferred to 1.5 ml Eppendorf tubes and 100 ul of PBS
containing NaF (1:500), and PMSF (1:200) was added. The cells were centrifuged at 5000 x g,
the supernatant removed and 100 ul lysis buffer (Buffer A, 0.5% Triton X-100, and 50X Protease
complete) was added to the cells. The cells were sonicated with five 1-sec pulses, kept on ice for
30 min to promote solubilization and then centrifuged at 13200 g for 15 min at 4°C. The
supernatant was transferred to a new tube. Both pellet and supernatant were stored at -20°C.

Dynabeads MyOne Streptavidin C1 (Streptavidin Dynabeads; Thermo Fisher) were
resuspended and washed prior to use according to the manufacturer’s instructions. The beads

were vortexed for 10 sec followed by incubation on an Argos Rotoflex Plus a rotating platform
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for 5 min at RT. To wash the beads, 30 uL beads were added to 1 mL of IP Buffer (Buffer A, 0.1%
Triton X-100) in a 1.5 ml Eppendorf tube, vortexed for 2 sec, mixed for 5 min at RT using the
Argos Rotoflex Plus, centrifuged for 10 sec at 13800 g then concentrated using a BioRad
magnetic isolator for 2 min. The supernatant was removed with a small-bore pipette and the
washing was repeated with 1 mL IP buffer for a total of five washes.

The protein content of each supernatant sample was measured using the BCA assay, diluted
to a total protein concentration of 1 mg/ml (for immunoblot; ~1:10 dilution) using IP buffer, and
30 uL of Streptavidin Dynabeads was added per mL of supernatant. Samples were mixed
overnight at 4°C using the Argos Rotoflex Plus.

To separate bound from unbound protein, the samples were centrifuged for 10 sec at 13800
x g, then concentrated using a BioRad magnetic isolator for 2 min. The supernatant was
removed and stored at -20°C for further analysis. The beads were washed five times in 1 ml IP
buffer for 5 min at 4°C as described above, followed by five washes in sterile PBS without
calcium and magnesium for 5 min at 4°C to remove detergent. It should be noted that during the
final washes, protein-bound beads were not pelleting, instead producing smears on the
Eppendorf tube walls. Protein bound Streptavidin Dynabead pellets were resuspended in 100 uL.
PBS without calcium and magnesium and stored at -20°C until they were used for further
analysis.

Elution Method 1: 10 uL of protein bound beads were transferred into a new Eppendorf
tube, centrifuged for 1 min at 13800 g and the supernatant removed., then resuspended in 50 uL.
1X reducing SDS sample buffer (10% glycerol, 1.25% SDS, 50 mM Tris pH 6.7) with 1 mg/ml (4
mM) biotin and 100 mg/mL dithiothreitol. Samples were heat shocked at 65°C for 10 min, then
cooled on ice prior to further analysis by immunoblot. Elution Method 2: to test whether an
additional heat shock would improve elution, samples processed as in Elution Method 1 above
were subjected to a -20°C freeze/thaw cycle, either heat shocked for a second time at 90°C for 10

min or not, then sonicated with five 1 sec pulses prior to immunoblot analysis. As a third
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approach, protein bound beads stored at -20°C were thawed and 20 uL of beads were added to 5
uL of 6x sample buffer (BioRad) with or without 25 mM biotin (1.2 mg/ml final concentration),
then heat shocked at either 65°C or 95°C for 5 min. Samples were cooled on ice and 25 uL. RTPA
buffer was added prior to immunoblot analysis.

Proteins were resolved by SDS-PAGE using 4-20% Mini-PROTEAN TGX stain-free gradient
SDS-polyacrylamide gels, then transferred to nitrocellulose membranes (Bio-Rad Cat#
1704270). The primary antibodies used for protein detection were rabbit anti-claudin-18
(1:1,500, Invitrogen 388000), mouse anti-Z0O-1 (1:1,500, Invitrogen 339100), rabbit anti-
claudin-5 (1:1,500, Invitrogen 341600), and mouse anti- 3-actin (1:10,000, Sigma A5441).
Detection was done using goat anti-rabbit IgG IRDye 800CW (1:20,000, LI-COR), goat anti-
mouse IgG IRDye 680RD (1:20,000, LI-COR) or streptavidin IRDye 800CW (LI-COR).
Membranes were imaged using a Bio-Rad ChemiDoc MP Imaging System. Protein
quantification was relative to actin. LI-COR fluorescent images of immunoblots were

pseudocolored to greyscale images in the figures.

BioID Mass Spectrometry Analysis

Rat type IT AECs were plated onto twenty 60 mm tissue culture dishes (14-15 million cells
each), were cultured for three days, then transduced with either YFP-claudin-18 or BirA-
claudin-18 at MOI 25.24 h after transduction, the medium was replaced with Opti-MEM
containing 100 uM biotin and the cells further incubated for 15 h at 37°C. The cells were then
washed twice with PBS with calcium and magnesium, PMSF (1:200), and pepstatin (1:1000),
scraped into 0.5 ml/dish, collected in 15 mL conical tubes, centrifuged at 450 g for 5 min and the
supernatant was removed. Cells were resuspended in 0.5 ml lysis buffer and transferred to 1.5
mL Eppendorf tubes. The cells were sonicated with five 1-sec pulses, kept on ice for 30 min to
promote solubilization and then centrifuged at 500 x g for 8 min at 4°C. The supernatant was

transferred to a new tube. Both pellet and supernatant were stored at -20°C.
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Streptavidin Dynabeads were resuspended and washed as described above, then blocked
with 0.5 mL blocking buffer (PBS with calcium and magnesium, 0.25% BSA, 0.2% gelatin,
0.05% Triton X-100, 0.1% SDS) overnight at 4°C with mixing, followed by 4 washes with 1 mL IP
buffer/sample tube.

The protein content of each supernatant sample was measured using the BCA assay, diluted
to a total protein concentration of 2 mg/ml (for mass spectrometry; ~1:5 dilution) using IP
buffer, and 30 uL of Streptavidin Dynabeads was added per mL of supernatant. Samples were
mixed overnight at 4°C using the Argos Rotoflex Plus.

To separate bound from unbound protein, the samples were centrifuged for 10 sec at 13800
x g, then concentrated using a BioRad magnetic isolator for 2 min. The supernatant was
removed and stored at -20°C for further analysis. The beads were washed five times in 0.4 ml IP
buffer for 5 min at 4°C as described above, followed by three washes in 0.5 ml sterile PBS
without calcium and magnesium for 5 min at 4°C to remove detergent. Protein bound
Streptavidin Dynabeads pellets were resuspended in 50 uL. PBS without calcium and
magnesium and stored at -20°C until they were used for mass spectrometry. Note that calcium
and magnesium can interfere with enzyme digestion of proteins for mass spectrometry.

Peptides identified by mass spectrometry were considered to be BirA-claudin-18 positive hits
if they had identified peptide spectra matches (PSMs) > 5 and showed a PSM ratio (BirA/YFP) >
1.2. Protein function and localization was determined using the Uniprot website
(https://www.uniprot.org/) accessed on 1/31/2021, using the Accession Number. In cases
where the Accession Number was obsolete (e.g. FiM4W3), the protein was identified using a
BLAST search of the amino acid sequence. Functional groupings of mass spectrometry proteins
in KEGG pathway and WikiPathways was determined using g:Profiler
(https://biit.cs.ut.ee/gprofiler/gost ).9 In instances where proteins were not represented in the

KEGG or WikiPathways databases, they were manually assigned to functional groups.o
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Results

BirA-claudin-18 localizes to cell junctions

In order to determine correct trafficking and localization of BirA-claudin-18 to tight
junctions, alveolar epithelial cells were transduced with adenovirus to express BirA-claudin-18
for 48 h and then incubated with 100 pM biotin for 12 h. Two different multiplicities of infection
(MOI) were used to determine how low and high MOIs of BirA-claudin-18 affect the amount of
biotinylation. Cells were stained with claudin-18 to detect BirA-claudin-18 and streptavidin-Cy3
to determine localization of BirA-claudin-18 and colocalization of BirA-claudin-18 with
biotinylated proteins (Figure 5.1).

In cells transduced with BirA-claudin-18, claudin-18 staining appeared faint however, BirA-
claudin-18 localized to tight junctions as expected. This is in contrast to non-infected controls,
suggesting that the BirA fusion product partially interfered with the ability of anti-claudin-18
antibodies to recognize BirA-claudin-18. More claudin-18 staining was apparent in cells
transduced with a higher MOI of BirA-claudin-18.

Cells not expressing BirA-claudin-18 did not appear to have any significant biotinylation, as
determined by a lack of streptavidin-Cy3 binding. By contrast, cells with BirA-claudin-18
showed a dose response where transduced at MOI 10 had less biotinylation than cells
transduced at MOI 50. Of note, biotinylation was evident at cell junctions in BirA-claudin-18
expressing cells, colocalizing with claudin-18. However, biotinylation was not restricted to cell
junctions. For instance, transduced cells showed perinuclear biotin labeling. Given the 12 hour
binotinylation protocol used to label these cells, this is not surprising and suggests BirA-claudin-
18 labeling in the biosynthetic pathway. Consistent with this, as described below, we identified

several ER-localized, biotinylated proteins by mass spectrometry.
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Evaluation of streptavidin bead elution methods

We initially attempted to use a candidate-based approach to identify targets biotinylated by
BirA-claudin-18, examining protein lysates prepared from AECs isolated from either control-fed
or alcohol-fed rats, adapting methods used by Zlatic et al.’2 and Schlingmann et al.3 for co-
immunoprecipitation. AECs were transduced with either YFP-claudin-18 as a negative control or
BirA-claudin-18 and then biotinylated and processed as described in Methods using
Streptavidin Dynabeads as a reagent to enrich for biotinylated targets.

Five elution methods were tested (Figures 5.2-5.4), using immunoblot for claudin-18,
claudin-5, ZO-1, and B-actin as a method to detect biotinylated substrates that were isolated
using Streptavidin Dynabeads. In each of the protocols used, of the four proteins we probed for,
only B-actin was detectable. One elution method, 95°C heat shock in samples that were not
supplemented with biotin, there was a band detected with anti-claudin-5 however it migrated
lower than the expected 22 kDa molecular weight (Figure 5.4). Beads only negative controls
confirmed B-actin was only present in samples prepared from cell lysates, however, there was
detectable B-actin in samples derived from YFP-claudin-18 transduced cells (Figure 5.2),
suggesting that at least some bead associated B-actin was due to non-specific labeling.

Given the lack of robust signal for claudin-18, claudin-5 and ZO-1, we instead employed a
discovery-based approach, using IRDye streptavidin-800 CW to stain for biotinylated proteins
in protein-bound bead samples (Figure 5.5). This proved more fruitful and revealed several
biotinylated bands associated with the Streptavidin Dynabeads. Of note was a prominent band
at ~70 kDa in all of the biotinylated samples, as well as another band at ~30 kDa and several
fainter bands. This suggested that we were getting targets biotinylated by BirA-claudin-18 and

so we moved ahead with mass spectrometry BioID analysis.
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Proteins biotinylated by BirA-claudin-18

Mass spectrometry and protein identification revealed 3771 identified protein matches
within the BirA-claudin-18 sample and 3178 identified protein matches within the YFP-claudin-
18 sample. Good coverage of proteins within peptide samples is indicated by approximately 50
percent of the identified proteins having peptide spectrum matches (PSMs) of five or more.
BirA-claudin-18 and YFP-claudin-18 samples had 1482 and 1321 protein matches, respectively,
meeting this criterium, about 40 percent of total identified proteins. Mass spectrometry results
were then sorted by PSM ratio (number of PSMs detected in BirA-claudin-18 sample to PSMs
detected in YFP-claudin-18 sample) and all results with BirA-claudin-18 PSMs below 5 were
removed.

Note that claudin-18 and claudin-5 were present in samples analyzed by mass spectrometry
but had a low PSM of 1 below the threshold of 5 for confident detection. This is consistent with
our inability to detect claudin-18 and claudin-5 by immunoblot analysis (Figures 5.2-5.4). This
also reflects the isolation protocol we used, which is optimized to recover proteins near claudin-
18 that are cytosolic or transiently associated with membranes through protein-protein
interactions, as opposed to transmembrane proteins.

It is less clear why ZO-1 (Tjp1) was not detected by immunoblot (Figure 5.2-5.4), since it was
prominent in our dataset (BirA PSMs = 21; PSM ratio = 1.5). One possibility is that ZO-1 was not
effectively released from streptavidin Dynabeads or biotinylation may interfere with detection
by immunoblot. There are candidate bands in the streptavidin IRDye 800CW blot in the range
of 220 kDa, which may represent ZO-1 (Figure 5.5). With respect to the prominent ~70 kDa and
~30 kDa bands recognized by streptavidin IRDye 800CW (Figure 5.5), these could correspond
to several candidate molecules that were identified by mass spectrometry including, but not
limited to, Ttll12 (773.9 kDa), ATIC (64.2 kDa), Pdia4 (72.7 kDa), and Prohibitin (29.8 kDa).

There were 83 proteins that had a PSM ratio of 3.0 or higher, meaning proteins that were at

least three times enriched in BirA-claudin-18 samples compared to YFP-claudin-18 samples
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(Table 1). Of these, 22 candidates had no YFP-claudin-18 PSMs, so they had a PSM ratio that
was undefined and greater than 15. 24 of the 83 most highly enriched proteins have already
been identified to regulate of intercellular junctions. Based on their documented localization in
the Uniprot database, most of these proteins are associated with the plasma membrane and
either the cytoskeleton or cytosol. Localization to the plasma membrane and cytoskeleton,
suggest candidates serving a role as crosslinking scaffold proteins. These include Acf7/Macfi,
Llgl2, Pacsin2, Palld, Parva, Pdcd6ip, Rai14, Tjp2 (ZO-2), and Vel (vinculin), several of which
have been validated as to crosslink the cytoskeleton to intercellular junctions.

Two of these candidates, Rai14 (Retinoic Acid Induced Protein 14, Ankycorbin) and Palld
(Palladin), are particularly noteworthy, since they are associated with retinoic acid regulation of
tubulobulbar complexes (ectoplasmic specializations) in the testis.'3 Tubulobulbar complexes
represent a unique junctional complex that acts as a signaling platform and organizing center
for the cytoskeleton, endosomes and endoplasmic reticulum.4'5 We have hypothesized that
tight junction spikes formed by claudin-18 are a signaling platform analogous to tubulobulbar
complexes and the association of Rai14/palladin with claudin-18 is consistent with this model.z®

Proteins tagged by BirA-claudin-18 that localize to the plasma membrane and cytosol
include Akriai1, Arhgef1, Gnas, Lpp, Map2ki, and Phb and are mainly involved in signal
transduction. Given the prominent role of RhoA in regulating tight junction assembly and
turnover, the detection of Arhgef1 (Rho guanine nucleotide exchange factor 1) as one of these
proteins helped validate this set of candidates. There were also several proteins that show
nuclear localization (Aldh6a1, Elavl1, Esrp1, Impdh2, Lpp, Map2k1, Mapks, Phb, Pkm, Ppp2ria,
Ptbp3, Rai14, Ssb). These are candidate transcriptional regulators with the potential to cycle
between claudin-18 containing tight junctions and the nucleus, much the same way that the
transcription factor YAP has been shown to regulate alveolar epithelial cell growth and lung
morphology.'” Surprisingly, our BioID isolation protocol only identified a single YAP PSM in the

BirA-claudin-18 expressing cells, which may be due to the BirA tag interfering with the ability of
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claudin-18 to bind to YAP. Nonetheless, other Hippo pathway associated proteins were labeled
by claudin-18 BioID.

To identify additional candidates labeled by BirA-claudin-18, we lowered the PSM ratio
threshold to 1.2 and used g:Profiler to classify hits into KEGG and WikiPathways categories
(Tables 2-5). In addition to multiple tight junction-associated proteins that were BioID labeled
by BirA-claudin-18, there were several adherens junction proteins that were also tagged (Table
2), consistent with both tight and adherens junctions being part of a well-organized apical
junctional complex. We also found a significant number of BioID labeled candidates associated
with focal adhesions, including Vel (vinculin), Tln1 (talin-1), Flna, Flnb and Flnc (Filamin-A, -B
and —C), suggesting that could represent integrin interacting proteins are part of the apical
junctional complex and/or tight junction spikes in alveolar epithelial cells. Consistent with this
possibility, several candidate proteins that were classified as are part of the Alpha6-Betag
integrin signaling pathway were also identified by BioID (Table 3). Other signal transduction
pathways that were tagged by BirA-claudin-18 included Estrogen, Hippo, IL-2, IL-6, Nrf2, and
TNF-alpha/NF-kB signaling pathways (Table 3), in further support of claudin-18 as part of a
signaling hub, pending independent validation.

We also identified several candidates in the protein processing in endoplasmic reticulum
(ER) and proteosome groups labeled by claudin-18 BioID (Table 4). Given the 12 h incubation
period used, these may reflect hits in the biosynthetic and turnover pathways. However, ER
proteins near claudin-18 are also consistent with our model of tight junction spikes representing
a structure equivalent to the tubulobulbar complex, which is a site where the ER and plasma
membrane are in close contact.'®9 We also identified several candidates involved in endocytosis
and phagocytosis, which were consistent with the active secretion and internalization of claudin-
18 as a part of tight junction turnover (Table 5). Again, this fits well with the tubulobulbar model

of tight junction spikes, since this structure is an active site of vesicle budding and fusion.
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Discussion

The findings here support the use of BioID as a method for identification of proteins
proximal to claudin-18. Several known proximal proteins were confirmed by this method to be
in abundance around claudin-18, such as ZO-1 and ZO-2, which validates the method. In
addition, this provided a discovery-based approach to identify novel proteins that could provide
insight into the mechanisms of barrier function and tight junction regulation. Furthermore,
these results provide a starting point for future studies investigating tight junction spike
formation and function. The experiments detailed above can serve as a guide to build upon for
acquisition of proteins in future BioID experiments with BirA-claudin-18. A similar study using
a biotin ligase-conjugated claudin-4 in MDCK II cells showed enrichment of several known tight
junction proteins including ZO-1, ZO-2, occludin, and several claudin proteins.

We used a high stringency streptavidin Dynabead isolation protocol and, as a result, most of
the proteins identified by claudin-18 BioID were cytosolic, peripheral membrane proteins or
associated with the cytoskeleton (Table 1). The number of BioID identified proteins with PSM
ratio above 3 included 28 proteins previously known to be associated with junctions. These
could be categorized into three basic groups: 1) cytosolic scaffold proteins associated with the
plasma membrane/junctions and also the cytoskeleton (Acf7/Macfi, Ligl2, Pacsin2, Palld,
Parva, Pdcd6ip, Raii4, Tjp2, Vcl); 2) signal transduction proteins (Akria1, Arhgef1, Gnas, Lpp,
Mapzki, Phb) associated with the plasma membrane and cytosol and 3) proteins that localize to
the nuclear (Aldh6ai, Elavli, Esrp1, Impdh2, Lpp, Map2ki1, Mapk3, Phb, Pkm, Ppp2ria, Ptbp3,
Rai14, Ssb) which can regulate gene expression. We speculate that claudin-18 can act as part of a
signaling hub where transcription factors can cycle between junction and nuclear localization,
much the same way that B-catenin is well established to act as a sensor for intercellular contact
that can translocate to the nucleus and regulate transcription.2° As mentioned above, the
transcription factor YAP binds to claudin-18 and regulates alveolar repair and differentiation,

consistent with this model.”
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Two proteins identified by claudin-18 BiolID, Rai14 (retinoic acid induced protein 14) and
palladin, have previously been shown to localize to the tubulobulbar complex and regulate their
integrity in response to retinoic acid.’32* Retinoic acid has a key role in regulating lung
development and repair and has been shown to promote lung barrier function.2223 Palladin is
associated with the actin cytoskeleton and junctions, but precise roles for how it regulates these
structures remain to be determined.24 Interestingly, palladin interacts with filamins, which were
also identified by claudin-18 BioID.25 Other cytoskeletal associated proteins have been shown to
localize to tight junctions and tight junction spikes as well as other spike-like structures.8:26
Other proteins identified by claudin-18 BioID and also found in the spike-like tubulobulbar
complex, include vinculin, components of clathrin coated pits and endoplasmic reticulum-
associated proteins.’® These data suggest that our approach identified proteins tagged by BirA-
claudin-18 that are involved in forming tight junction spikes. Future validation will determine
whether this is the case.

The adherens junction protein 3-catenin was identified by claudin-18 BioID. B-catenin is
known to localize to the apical junctional complex and our data demonstrates that it is proximal
to claudin-18. We also identified several focal adhesion proteins by claudin-18 BioID, including
talin-1, that play vital roles in linking integrins in focal adhesions to the actin cytoskeleton. It is
not known whether these proteins interact with tight junctions though they might be regulated
in a similar manner 27. It also is possible that in squamous cells like alveolar epithelial cells, tight
junctions are in closer proximity to focal adhesions, bringing talin-1 within the vicinity of BirA-
claudin-18. The higher enrichment of talin-1 in BirA-claudin-18 samples compared to YFP-
claudin-18 (PSM ratio 2.6) suggests that talin-1 could have a more tight junction-proximal role
in addition to its role in focal adhesions, much like focal adhesion protein vinculin 28:29,

Like many discovery-based techniques, BioID is subject to some limitations and caveats. For
instance, the length of time cells were exposed to biotin is likely to influence which proteins

detected by BioID. Here, cells were exposed to biotin for 12 h, comparable in time to other
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studies that treated cells with biotin for 15 to 17 h prior to isolation. 45 However, tight junction
proteins turnover relatively quickly 3°-32 meaning that proteins encountered throughout the
lifecycle of claudin-18 will be biotinylated, and not just tight junction associated proteins.

It is possible that the BirA tag could have affected normal claudin-18 localization and
interactions however, this seems unlikely, since BirA-claudin-18 did localize to tight junctions
and the BirA tag was on the N-terminus, and so the C-terminus was free to interact with
proteins such as ZO-1 required for tight junction localization. It is also possible that BirA-
claudin-18 expression could affect normal tight junction morphology, although we did not see
any major abnormalities in cell or junction morphology in BirA-claudin-18 expressing alveolar
epithelial cells. In addition, the BirA tag may interfere with the ability of claudin-18 to bind to
different proteins, such as YAP.

The proteins detected in samples from YFP-claudin-18 transduced cells suggests isolation of
naturally biotinylated or biotin-bound proteins. Though it is rare, natural biotinylation does
occur in cells and biotin is an essential cofactor for many enzymes (specifically carboxylases). It
is also likely that there was nonspecific binding of proteins to streptavidin beads, such as actin,
however, setting a suitable PSM ratio threshold controls for this possibility.

The isolation and washing protocols were optimized for cytosolic proteins and so we
detected few transmembrane proteins. This is a caveat to this approach, although it does
increase confidence that hits with a BirA-claudin-18 PSM greater than 5 and PSM ratio greater
than 3 are bona fide proteins close to claudin-18 in a native setting. Decreasing the PSM ratio to
less than 3 enabled more potential hits to be identified, but these results need to be interpreted
with caution and are subject to validation by super resolution microscopy co-localization or
through the use of the proximity ligation assay (PLA).3 Immunoblotting was a less effective
approach, and eluting proteins from streptavidin beads in order to validate samples proved
difficult. Heat shocking samples at 95°C eluted more biotinylated proteins than a 65°C heat

shock (Figure 5.5) but heat shocking tight junction proteins should be done with care, as tight
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junction proteins have a tendency to aggregate after exposure to high temperatures. Given this
issue, on-bead enzyme digestion was used to prepare peptide samples for mass spectrometry.
Despite these limitations, the BioID method provided us with several candidate claudin-18
interacting proteins that will be validated in future experiments. This approach also provides
experimental support that tight junction spikes could act as a signaling hub comparable to the
tubulobulbar complex in the testis.'® In addition, our data suggests that proteins more typically
associated with regulation of focal adhesions are also likely to be involved in the regulation of
claudin-18 and alveolar epithelial barrier function. This model is appealing, given the recently
appreciated roles for apically localized integrins in the regulation of tight junction morphology

and function.33
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Figure 5.1
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Figure 5.1: Immunofluorescence of AdBirA-claudin-18 in primary rat AECs treated
with 100 uM biotin. Rat AECs were untransduced (control) or transduced with BirA-claudin-
18 at MOI 10 or MOI 50 and treated with 100 uM biotin for 12 h, then fixed, permeabilized,
labeled with anti-claudin-18 and steptavidin-Cy3, then imaged by immunofluorescence
microscopy. Streptavidin-Cy3 staining was evident in BirA-claudin-18 transduced cells and
increased staining correlated with higher MOI. Note that streptavidin-Cy3 colocalized with

claudin-18 at tight junctions. Bars: 10 pm.
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Figure 5.2
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Figure 5.2: Immunoblot of samples from BioID pulldown after first protein elution
attempt. Alveolar epithelial cells from control diet- or ethanol diet-fed rats were transduced
with YFP-claudin-18 or BirA-claudin-18 at MOI 25. Cells were then incubated with 100 uM
biotin for 12 h before cells were scraped, lysed, and sonicated. Biotinylated proteins were
isolated using Streptavidin Dynabeads. 10 uL of bound beads were heated in 80 puL 1x Sample
Buffer at 65°C for 10 min and 10 pL of sample was loaded per well. (a,b) B-actin was detected in
all cell samples, but there was no detectable claudin-5, claudin-18, or ZO-1. Samples from YFP-

claudin-18 transduced cells show non-specific binding of actin.
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Figure 5.3
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Figure 5.3: Immunoblot of samples from BioID pulldown after second protein
elution attempt. Alveolar epithelial cells from control diet- or alcohol diet-fed rats were
transduced with BirA-claudin-18 at MOI 25. Cells were then incubated with 100 uM biotin for 12
h before cells were scraped, lysed, and sonicated. Biotinylated proteins were isolated using
Streptavidin Dynabeads. 10 pL of bound beads were heated in 80 pL 1x Sample Buffer at 65°C
for 10 min. Then samples were frozen at -20°C and thawed. Control BirA-claudin-18 was heated
at 90°C for 10 min. All samples were then sonicated with five 1-sec pulses and 20 pL of sample
was loaded per well. (a,b) B-actin was detected in all cell samples, but there was no detectable

claudin-5, claudin-18, or ZO-1.
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Figure 5.4
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Figure 5.4: Immunoblot of samples from BioID pulldown after third protein
elution attempt. Alveolar epithelial cells from control diet-fed rats were transduced with
BirA-claudin-18 at MOI 25. Cells were then incubated with 100 pM biotin for 12 h before cells
were scraped, lysed, and sonicated. Biotinylated proteins were isolated using Streptavidin
Dynabeads. Then samples were frozen at -20°C and thawed. 20 pL of bound beads were heated
in 5 uL of 6x Sample Buffer either with or without 25 mM biotin at either 65°C or 95°C for 5
min. Samples were cooled on ice and 25 ul. RIPA was added to each. 10 pL of sample was loaded
per well. B-actin was detected in all cell samples, but there was no detectable claudin-18 or ZO-1.
(a) There appears to be a faint band that might correspond to claudin-5 in the 95°C sample
without biotin-supplemented sample buffer. (b) The actin bands (green) in the claudin-18 blot
appear to overlap with red bands in all cell samples, which could possibly be BirA-claudin-18

(predicted MW 63 kDa).
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Figure 5.5: Streptavidin blot of samples from BioID pulldown after third protein

elution attempt. Alveolar epithelial cells from control diet-fed rats were transduced with

BirA-claudin-18 at MOI 25. Cells were then incubated with 100 pM biotin for 12 h before cells

were scraped, lysed, and sonicated. Biotinylated proteins were isolated using Streptavidin

Dynabeads. Then samples were frozen at -20°C and thawed. 20 pL of bound beads were heated

in 5 uL of 6x Sample Buffer either with or without 25 mM biotin at either 65°C or 95°C for 5

min. Samples were cooled on ice and 25 uL. RIPA was added to each. 10 pL of sample was loaded

per well. When staining with Licor IRDye streptavidin-800 (1 h), a large band running at

approximately 70 kDa was detected. (a,b) There are some streptavidin-stained regions where

claudin-5 and ZO-1 are expected.



Table 5.1: Enriched proteins tagged by biotin ligase fused to claudin-18.
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UniProtID Protein Name Localization Accession BirA- PSM Reference
(UniProt) claudin- Ratio with tight
18 junctions
#PSMs
Csde1 cold shock domain cytosol, Stress P18395 8 >15
containing E1 Granule
RT1-CE4 RT1class I, locus CE4 PM D3ZQGg 8 >15
Gépd glucose-6-phosphate  cytosol, PM, nucleus Pos370 7 >15
dehydrogenase
Ckb creatine kinase B cytosol Po7335 7 >15
Mapzk1 Dual specificity cytosol, PM, nucleus Q01986 6 >15 34
MAPKK 1
Nup9o8 nucleoporin 98 nucleus P49793 >15
Ipos importin 5 cytosol, nucleus D4A781 >15
Psme3 proteasome activator  cytosol, nucleus, Q5FVM2 >15
subunit 3 proteosome
Railg retinoic acid induced  cytoskeleton, PM, Q5U312 6 >15 13,21,23
14 nucleus,
tubulobulbar
complexes, tight
junctions
Palld palladin isoform X1 cytoskeleton, PM, F1M4W3 6 >15 13,35
tubulobulbar
complexes, tight
junctions, focal
adhesions
Ppp2rib protein phosphatase 2  cytosol Q4QQT4 5 >15
scaffold subunit A
beta
Arhgef1 Rho guanine cytosol, PM, tight QoZ116 5 >15 36-38
nucleotide exchange  junctions
factor 1
Gdiz2 GDP dissociation cytosol, PM P50399 5 >15
inhibitor 2
Phgdh phosphoglycerate cytosol 008651 5 >15
dehydrogenase
Tjp2 tight junction protein ~ PM, tight junctions Q3ZB99 5 >15
2
Mitx2 metaxin 2 mitochondria Q5U1Z9g 5 >15
Ssb Lupus La protein nucleus P38656 5 >15 39
homolog
Aco2 aconitase 2 mitochondria QoER34 5 >15
Esrp1 epithelial splicing nucleus B2RYD2 5 >15 36

regulatory protein 1



Dhxi15
Farsb

Lpp

Ttll12

Atic

Phb

Pdiag

Dnajb11

Parva

Sec2g4a

Shgglb1

Ptbp3

Pdcdé6ip

Pxdn

Mmsi19

Nbas

Sec23a

Ipo7
Mapk3

DEAH-box helicase 15

phenylalanyl-tRNA
synthetase subunit
beta

LIM domain
containing protein in
lipoma

tubulin tyrosine ligase
like 12

IMP cyclohydrolase

prohibitin

protein disulfide
isomerase family A,
member 4

DnaJ (Hsp40)

parvin, alpha

SEC24 homolog A,
COPII coat complex
component

SH3 domain -
containing GRB2-like
endophilin B1

polypyrimidine tract
binding protein 3

Programmed cell
death 6-interacting
protein

peroxidasin homolog
precursor

cytosolic iron-sulfur
assembly component

NBAS subunit of NRZ
tethering complex

Sec23 homolog A,
coat complex IT
component

importin 7

Mitogen-activated
protein kinase 3

nucleus

cytosol

cytosol, PM,
nucleus, adherens
junctions

cytosol

cytosol, PM

PM, nucleus,
mitochondria

ER

ER

PM, cytoskeleton
cytosol, ER

Golgi apparatus,
mitochondria

nucleus

cytosol, PM,
cytoskeleton, tight
junctions, secreted

ER, secreted

ER

cytoskeleton,
nucleus

cytosol, ER

cytosol

cytosol,nucleus

D3ZDg7
Q68FT7

Q5XIo7

D4A1Q9

035567

P67779

G3Vé6Ty

Q6TUGoO

G3V818
D3ZZAS8

Q6AYE2

Q9Z118

Q9QZA2

MoR6T4

FiMoUs

B5DFC3

D4AE96

P21708-2
BoBMW2

15

14

14

22

10

>15

>15

>15

15.0

14.0

8.0

7.0

7.0

6.0
6.0

6.0

6.0

55

5.0

5.0

5.0

5.0

5.0
5.0
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6,40

42-44

45

46

47,48

45,49—51

52,53



Hsd17b1o

G3bp1

Pgrmci

Hsd17bg

Aldhé6a1

Pacsin2

Elavl1

Tnpo2

Pgki

Acf7/Macf1

Ubaz2

Txnl1

Srpra

Ddx6

Atxni10

hydroxysteroid (17-
beta) dehydrogenase
10

G3BP stress granule
assembly factor 1

progesterone receptor
membrane
component 1

hydroxysteroid (17-
beta) dehydrogenase
4

aldehyde
dehydrogenase 6
family, member A1

PK-C and casein
kinase substrate in
neurons

ELAV like RNA
binding protein 1

transportin 2

phosphoglycerate
kinase 1

Microtubule-actin
cross-linking factor 1

ubiquitin-like
modifier activating
enzyme 2

thioredoxin-like 1
SRP receptor subunit
alpha

DEAD-box helicase 6

ataxin 10

caveolae,
mitochondria

cytosol, stress
granules

ER , mitochondria

peroxisome

nucleus,mitochondri
a

PM, cytoskeleton,
endosome

cytosol, nucleus,
stress granules

cytosol

cytosol

PM, cytoskeleton,
Golgi apparatus

nucleus

cytosol, nucleus,
proteosome

ER

cytosol,
cytoskeleton,
nucleus,
mitochondria

cytosol, PM, , Golgi
Apparatus

D3ZYS7

P70580

P97852

G3V7Jo

Q9QY17

B5DFo91

D3ZER6

P16617

D3ZHV2

FiLS72

Q920J4

Q3KRC3

D3ZD73

QoER24

Q5XFXo

27

13

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

4.5

4.5

4.5

4.5

4.5

4.5

4.3

54

23,55,56

57,58

59,60

61,62

206



Tagln2

Akria1

Gnas

Ppp2ria

Pgha1

Psmd6

Ogdh

Eifgb

Pkm

Idh3a

Nibani

Rtcb

Vps18

Plxnb2

Cmpk1

transgelin 2

aldo-keto reductase
family 1 member A1

Guanine nucleotide-
binding protein G(s)
alpha isoform

protein phosphatase 2
scaffold subunit A
alpha

prolyl 4-hydroxylase
subunit alpha 1

proteasome 26S
subunit, non-ATPase
6

2-oxoglutarate
dehydrogenase,
mitochondrial-like

eukaryotic translation
initiation factor 3,
subunit B

Pyruvate kinase PKM

isocitrate
dehydrogenase
(NAD(+)) 3 catalytic
subunit

niban apoptosis
regulator 1

RNA 2',3'-cyclic
phosphate and 5'-OH
ligase

VPS18 core subunit

plexin B2

UMP-CMP kinase

cytosol,
cytoskeleton,

adherens junctions,

secreted

cytosol, PM

PM

cytosol, nucleus

ER

proteasome

nucleus,
mitochondria

cytosol

cytosol, nucleus

mitochondria

cytosol, PM

cytosolnucleus

cytosol

PM

cytosol, nucleus

P51635

P63095

Q5X134

P54001

Q6PCT9

Q5XI78

Q4Go61

P11980-2

F1LNF7

Q9ESNo

Q6AYT3

B5DFJ4

D37Qs57

Q4KM73

F1LRV4

12

12

12

23

19

11

14

4.0

4.0

4.0

4.0

4.0

4.0

4.0

3.8

3.8

3.7

35

35

35

35

35

55,56,63

64,65

66,67

68,69

70-72
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Hspag

Impdh2

Ubai1

Anxa3

Psmd7

Pdxdci1

Cnot1

Eifge

Lgmn

Ligl2

Kpnai

Acadm

Vel

heat shock protein
family A (Hsp70)
member 4

inosine
monophosphate
dehydrogenase 2

ubiquitin-like
modifier activating
enzyme 1

Annexin

proteasome 26S
subunit, non-ATPase
7
pyridoxal-dependent

decarboxylase
domain containing

CCR4-NOT
transcription
complex, subunit 1

eukaryotic translation
initiation factor 4E

legumain

LLGL scribble cell
polarity complex
component 2

Importin subunit
alpha-5

acyl-CoA
dehydrogenase
medium chain

Vinculin

cytosol

cytosol, nucleus

cytosol, nucleus,
mitochondria

cytosol, PM

nucleus, proteasome

ER

nucleus

nucleus, stress
granules

secreted, endosome

PM, cytoskeleton

cytosol, nucleus

mitochondria

PM, cytoskeleton,
adherens junctions,
Focal Adhesions

E9PU28

Q5U300

D4AEH3

G3V6Bo

G3V7Mo

P63074

Q5PPG2

B2GVog

P83953

G3V796

P85972

P41542

D4A5G8

24

10

36

30

12

3.4

3-3

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0
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73

74

75

76,77

78

Proteins were considered enriched if the PSM ratio was 3.0 or greater. Only proteins with 5 or more PSMs

are included. PSM ratio is PSMsBira-claudin-18/ PSMSYFP-claudin-18. UniProt is the source of localization,

molecular/biological function, and keywords. References were obtained by PubMed literature search.
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Table 5.2: Tight junction, adherens junction, and focal adhesion proteins tagged by

biotin ligase fused to claudin-18.

UniProtID Protein Name Functional KEGG/WP  Accession BirA- PSM
grouping claudin- Ratio
18
#PSMs
Arfgef1 Rho guanine Adherens QoZ116 5 > 15
nucleotide exchange  junction
factor 1
Ring Isoform 2 of Adherens Q9JK11-2 10 2.0
Reticulon-4 Junction
Mllt4 Afadin Adherens 035889 6 2.0
Junction
Ctnnb1 Catenin beta-1 Adherens QoWU82 39 1.5
Junction
Yes1 YES proto-oncogene  Adherens KEGG:04520 Q6AXQ3 6 1.5
1, Src family tyrosine  junction
kinase
Ptpni1 protein tyrosine Adherens KEGG:04520 P20417 6 2.0
phosphatase, non- junction
receptor type 1
Ctnna1 catenin alpha 1 Adherens KEGG:04520 Q5U302 43 1.4
junction
Ptpn6 protein tyrosine Adherens KEGG:04520 G3VoTog 25 1.3
phosphatase, non- junction
receptor type 6
Ctnnd1 catenin delta 1 Adherens KEGG:04520 D3Z7Z79 64 1.3
junction
Macf1 Microtubule-actin Focal adhesion Ref 5 D3ZHV2 9 4.5
cross-linking factor 1
Parva parvin, alpha Focal adhesion KEGG:04510 G3V818 6 6.0
Ref 2,3
Ptbp3 Polypyrimidine tract- Focal adhesion Q9Z118 6 6.0
binding protein 3
Tina talin 1 Focal adhesion KEGG:04510 G3V852 45 2.6
Flnb filamin B Focal adhesion KEGG:04510 D4A8D5 123 1.6
Flna filamin A Focal adhesion KEGG:04510 CoJPTy 117 1.6
Flnc filamin C Focal adhesion KEGG:04510 D3ZHAo 21 1.5



Pppicb

Pppica

Lamb3

Pppzrib

Tjp2

Pdcdé6ip

Ppp2ria

Hspag

Ligl2

Vel

Vasp

Tjp1

Actng

Actn1

Actb

protein phosphatase
1 catalytic subunit
beta

protein phosphatase
1 catalytic subunit
alpha

laminin subunit beta
3

protein phosphatase
2 scaffold subunit A
beta

tight junction protein
2

Programmed cell
death 6-interacting
protein

protein phosphatase
2 scaffold subunit A
alpha

heat shock protein
family A (Hsp70)
member 4

LLGL scribble cell
polarity complex
component 2

Vinculin

vasodilator-
stimulated
phosphoprotein

tight junction protein
1

actinin alpha 4

actinin, alpha 1

actin, beta

Focal adhesion

Focal adhesion

Focal adhesion

Tight junction

Tight junction

Tight junction

Tight junction

Tight junction

Tight junction

Adherens
junction, Focal
adhesion

Focal adhesion,
Tight junction

Tight junction,
Adherens
junction

Tight junction,
Adherens
junction, focal
adhesion

Tight junction,
Adherens
junction, focal
adhesion

Tight junction,
Adherens
junction, focal
adhesion

KEGG:04510

KEGG:04510

KEGG:04510

KEGG:04530

KEGG:04530

Ref 6

KEGG:04530

KEGG:04530

Ref 22-24

KEGG:04530

Ref 30

KEGG:04510

KEGG:04530

KEGG:04530

KEGG:04530

KEGG:04530

P62142

P62138

F1LPI5

Q4QQT4

Q3ZB99

Q9QZA2

Q5XI34

F1LRV4

B2GVog

P85972

F7EWC1

FiM4Ao

Q9QXQo

QoZ1P2

P60711

38

22

24

21

91

100

349

1.4

1.3

1.3

> 15

>15

55

4.0

3.4

3.0

3.0

1.8

1.5

1.4

1.3

1.2
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Only proteins with 5 or more PSMs are included. PSM ratio is PSMSBira-claudin-18/ PSMSYFp-claudin-18. UniProt,

KEGG, and WikiPathways (WP) were used to obtain protein and pathway pathway information.
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Table 5.3: Selected signal transduction proteins tagged by biotin ligase fused to

claudin-18.

UniProtID Protein Name Functional KEGG/WP  Accession BirA- PSM
grouping claudin- Ratio
18
#PSMs
Eifge eukaryotic Alpha6-Betagq WP:WP485 P63074 9 3.0
translation initiation =~ Integrin Signaling
factor 4E Pathway
Yes1 YES proto-oncogene  Alpha6-Betag WP:WP485 Q6AXQ3 6 1.5
1, Src family tyrosine  Integrin Signaling
kinase Pathway
Dsp desmoplakin Alpha6-Betagq WP:WP485 FiLMV6 16 1.3
Integrin Signaling
Pathway
Lamb3 laminin subunit beta  Alpha6-Betagq WP:WP485 F1LPI5 38 1.3
3 Integrin Signaling
Pathway
Ywhae tyrosine 3- Alpha6-Betagq WP:WP485 P62260 6 1.2
monooxygenase/tryp  Integrin Signaling
tophan 5- Pathway
monooxygenase
activation protein,
epsilon
Ppp2rib protein phosphatase ~ Estrogen KEGG:04915 Q4QQT4 5 > 15
2 scaffold subunit A signaling pathway
beta
Tjp2 tight junction protein  Estrogen KEGG:04915 Q3ZB99 5 > 15
2 signaling pathway
Ppp2ria protein phosphatase ~ Estrogen KEGG:04915 Q5X134 8 4.0
2 scaffold subunit A signaling pathway
alpha
Hspag heat shock protein Estrogen KEGG:04915 F1LRV4 24 3.4
family A (Hsp70) signaling pathway
member 4
Ligl2 LLGL scribble cell Estrogen KEGG:04915 B2GVog 6 3.0
polarity complex signaling pathway
component 2
Vasp vasodilator- Estrogen KEGG:04915 F7EWC1 7 1.8
stimulated signaling pathway
phosphoprotein
Tjp1 tight junction protein  Estrogen KEGG:04915 FiM4Ao0 21 1.5
1 signaling pathway
Actng actinin alpha 4 Estrogen KEGG:04915 QoQXQo 91 1.4
signaling pathway
Actn1 actinin, alpha 1 Estrogen KEGG:04915 Q9Z1P2 100 1.3
signaling pathway
Actb actin, beta Estrogen KEGG:04915 P60711 349 1.2

signaling pathway



Pppzrib

Ppp2ria

Ligl2

Ctnnai

Pppicb

Pppica

Actb

Ywhae

Eifgb

Eifge

Lyn

Stat3

Ptpné6

Pppzrib

Ppp2ria

Eifge

Lyn

protein phosphatase
2 scaffold subunit A
beta

protein phosphatase
2 scaffold subunit A
alpha

LLGL scribble cell
polarity complex
component 2

catenin alpha 1

protein phosphatase
1 catalytic subunit
beta

protein phosphatase
1 catalytic subunit
alpha

actin, beta

tyrosine 3-
monooxygenase/tryp
tophan 5-
monooxygenase
activation protein,
epsilon

eukaryotic
translation initiation
factor 3, subunit B

eukaryotic
translation initiation
factor 4E

LYN proto-oncogene,
Src family tyrosine
kinase

signal transducer and
activator of
transcription 3

protein tyrosine
phosphatase, non-
receptor type 6

protein phosphatase
2 scaffold subunit A
beta

protein phosphatase
2 scaffold subunit A
alpha

eukaryotic
translation initiation
factor 4E

LYN proto-oncogene,
Src family tyrosine
kinase

Hippo signaling
pathway

Hippo signaling
pathway

Hippo signaling
pathway

Hippo signaling
pathway
Hippo signaling
pathway

Hippo signaling
pathway

Hippo signaling
pathway
Hippo signaling
pathway

IL-2 Signaling
Pathway

IL-2 Signaling
Pathway

IL-2 Signaling
Pathway

IL-2 Signaling
Pathway

IL-2 Signaling
Pathway

IL-6 Signaling
Pathway

IL-6 Signaling
Pathway

IL-6 Signaling
Pathway

IL-6 Signaling
Pathway

KEGG:04390
KEGG:04390
Ref 18,19

KEGG:04390

KEGG:04390

KEGG:04390

KEGG:04390

KEGG:04390

KEGG:04390

WP:WP569

WP:WP569

WP:WP569

WP:WP569

WP:WP569

WP:WP135

WP:WP135

WP:WP135

WP:WP135

Q4QQT4

Q5XI34

B2GVog

Q50302

P62142

P62138

P60711

P62260

Q4Go61

P63074

Qo7014

P52631

G3VoT9

Q4QQT4

Q5XI34

P63074

Qo7014

43

14

13

349

23

12

25

4.0

3.0

1.4

1.4

1.3

1.2

1.2

3.8

3.0

1.8

1.7

1.3

20.0

4.0

3.0

1.8

212



Stat3

Cdks
Hdac1
Gépd

Akria1

Xpo1

Psmc3

Hmox1

Psmc6
Psme1
Psmc2
Ran
Ugdh
Psmcy

Hsp9goab1

Psmcs

Phb

Psmd6

Psmd7

Kpna6

Psmc3

signal transducer and
activator of
transcription 3

cyclin-dependent
kinase 5

histone deacetylase 1

glucose-6-phosphate
dehydrogenase

aldo-keto reductase
family 1 member A1

exportin 1

proteasome 26S
subunit, ATPase 3

heme oxygenase 1

proteasome 26S
subunit, ATPase 6

proteasome 26S
subunit, ATPase 1

proteasome 26S
subunit, ATPase 2

RAN, member RAS
oncogene family

UDP-glucose 6-
dehydrogenase

proteasome 26S
subunit, ATPase 4

heat shock protein 9o
alpha family class B
member 1

proteasome 26S
subunit, ATPase 5

Prohibitin

proteasome 26S
subunit, non-ATPase
6

proteasome 26S
subunit, non-ATPase

7

karyopherin subunit
alpha 6

proteasome 26S
subunit, ATPase 3

IL-6 Signaling
Pathway

IL-6 Signaling
Pathway

IL-6 Signaling
Pathway

Nrf2 Signaling

Nrf2 Signaling

Nrf2 Signaling
Nrf2 Signaling

Nrf2 Signaling
Nrf2 Signaling

Nrf2 Signaling
Nrf2 Signaling
Nrf2 Signaling
Nrf2 Signaling
Nrf2 Signaling

Nrf2 Signaling

Nrf2 Signaling

TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway

WP:WP135

WP:WP135

WP:WP135

WP:WP2376

WP:WP2376

WP:WP2376
WP:WP2376

WP:WP2376
WP:WP2376

WP:WP2376

WP:WP2376

WP:WP2376

WP:WP2376

WP:WP2376

WP:WP2376

WP:WP2376

Ref1

WP:WP457

WP:WP457

WP:WP457

WP:WP457

P52631

Qo3114

Q4QQW4

Pos370

P51635

Q80U9g6
Q6P6U2

P06762
G3V6W6

P62193

G3V7L6

P62828

G3V6C4

Q63570

P34058

P62198

P67779

Q6PCT9

D4AEH3

FiLT58

Q6P6U2

12

21

12

13

14

10

18

97

19

12

12

17

17

15

20.0

4.0

2.3
2.0

2.0

1.9

1.8

17

17

1.4

1.4

1.4

1.4

8.0

4.0

3.0

2.5

2.0

213



G3bp2

Psmdi2

Psmeci1

Psmc2

Flna

Psmdi3

Hdac1

Hsp9goab1

Actb

Ywhae

Lrppre

Psmdi

G3BP stress granule
assembly factor 2

proteasome 26S
subunit, non-ATPase
12

proteasome 26S
subunit, ATPase 1

proteasome 26S
subunit, ATPase 2

filamin A

proteasome 26S
subunit, non-ATPase

13
histone deacetylase 1

heat shock protein 9o
alpha family class B
member 1

actin, beta

tyrosine 3-
monooxygenase/tryp
tophan 5-
monooxygenase
activation protein,
epsilon

leucine-rich
pentatricopeptide
repeat containing

proteasome 26S
subunit, non-ATPase
1

TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway

TNF-alpha NF-kB
Signaling
Pathway
TNF-alpha NF-kB
Signaling
Pathway

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

WP:WP457

Q6AY21

Q5XICo6

P62193

G3V7L6

CoJPT7

BoBNog3

Q4QQW4

P34058

P60711

P62260

F1LM33

G3V8B6

15

14

10

117

18

97

349

51

14

2.0

1.9

1.8

17

1.6

15

15

1.4

1.2

1.2

1.2

1.2
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Only proteins with 5 or more PSMs are included. PSM ratio is PSMsBira-claudin-18/ PSMSYFp-claudin-18. UniProt,

KEGG, and WikiPathways (WP) were used to obtain protein and pathway pathway information.
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Table 5.4: Proteosome and protein processing in endoplasmic reticulum proteins

tagged by biotin ligase fused to claudin-18.

UniProtID Protein Name Functional KEGG/WP  Accession BirA- PSM
grouping claudin- Ratio
18
#PSMs

Psme3 proteasome activator ~ Proteosome KEGG:03050 Q5FVM2 6 20.0
subunit 3

Psmd6 proteasome 26S Proteosome KEGG:03050 Q6PCT9 8 4.0
subunit, non-ATPase
6

Psmd7; proteasome 26S Proteosome KEGG:03050 D4AEH3 12 3.0
subunit, non-ATPase
7

Psmdig proteasome 26S Proteosome KEGG:03050 Q4V8E2 5 2.5
subunit, non-ATPase
14

Psmc3 proteasome 26S Proteosome KEGG:03050 Q6P6U2 12 2.0
subunit, ATPase 3

Psmdi2 proteasome 26S Proteosome KEGG:03050 Q5XIC6 15 1.9
subunit, non-ATPase
12

Psmc6 proteasome 26S Proteosome KEGG:03050 G3V6W6 13 1.9
subunit, ATPase 6

Psmdz2 proteasome 26S Proteosome KEGG:03050 Q4FZT9 25 1.8
subunit, non-ATPase
2

Psme1 proteasome 26S Proteosome KEGG:03050 P62193 14 1.8
subunit, ATPase 1

Psmc2 proteasome 26S Proteosome KEGG:03050 G3V7L6 10 1.7
subunit, ATPase 2

Psmdi3 proteasome 26S Proteosome KEGG:03050 BoBNog3 18 1.5
subunit, non-ATPase
13

Psmcg proteasome 26S Proteosome KEGG:03050 Q63570 18 1.4
subunit, ATPase 4

Psmcs proteasome 26S Proteosome KEGG:03050 P62198 19 1.4
subunit, ATPase 5

Psmd1 proteasome 26S Proteosome KEGG:03050 G3V8B6 14 1.2
subunit, non-ATPase
1

Pdiag protein disulfide Protein processing =~ KEGG:04141 G3V6T7 14 7.0
isomerase family A, in endoplasmic
member 4 reticulum

Dnajb11 DnaJ heat shock Protein processing =~ KEGG:04141 Q6TUGO 7 7.0
protein family in endoplasmic

(Hsp40) member B11

reticulum



Sec2g4a

Sec23a

Ppa1

Canx

Sec3ia

Calr

Hspas

Sec23b

Ssrg4

Rpn2

Hspogoab1

Rpni

Hspoob1

SEC24 homolog A,
COPII coat complex
component

Sec23 homolog A,
coat complex IT
component

inorganic
pyrophosphatase 1

calnexin

SEC31 homolog A,
COPII coat complex
component

calreticulin

heat shock protein
family A (Hsp70)
member 5

Sec23 homolog B,
coat complex IT
component

signal sequence
receptor subunit 4

ribophorin II,
Dolichyl-
diphosphooligosacch
aride--protein
glycosyltransferase
subunit 2

heat shock protein 9o
alpha family class B
member 1

ribophorin I,
Dolichyl-
diphosphooligosacch
aride--protein
glycosyltransferase
subunit 1

heat shock protein 9o
beta family member 1

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

Protein processing
in endoplasmic
reticulum

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

KEGG:04141

D3ZZAS8

B5DFC3

Q6AY18

P35565

G3V699

P18418

P06761

D3ZCT7

Q07984

P25235

P34058

Q6P7A7

AoOAoAoM
Yoo

10

32

14

63

17

19

97

32

44

6.0

5.0

2.5

2.1

2.0

1.9

1.7

1.6

1.6

1.6

1.4

1.3

1.2

216

Only proteins with 5 or more PSMs are included. PSM ratio is PSMSBira-claudin-18/ PSMSYFp-claudin-18. UniProt,

KEGG, and WikiPathways (WP) were used to obtain protein and pathway pathway information.
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Table 5.5: Endocytosis and phagocytosis proteins tagged by biotin ligase fused to

claudin-18.

UniProtID Protein Name Functional KEGG/WP  Accession BirA- PSM
grouping claudin- Ratio
18
#PSMs
RT1-CE4 RT1 class I, locus CE4 Endocytosis KEGG:04144 D3ZQG9 8 > 15
Sh3zglb1 SH3 domain -containing Endocytosis KEGG:04144 Q6AYE2 6 6.0
GRB2-like endophilin B1
Mapk3 Mitogen-activated protein ~ Endocytosis Ref 4,7-9 P21708-2 5 5.0
kinase 3
Pacsin2 Protein kinase C and Endocytosis QoQY17 5 5.0
casein kinase substrate in
neurons 2 protein
Dnmz1 Isoform 2 of Dynamin-1- Endocytosis 035303-2 11 2.8
like protein
Opai Dynamin-like 120 kDa Endocytosis D4A8Us 14 2.3
protein, mitochondrial
Vps35 VPS35 retromer complex Endocytosis KEGG:04144 G3V8A5 10 2.0
component
Snx2 sorting nexin 2 Endocytosis KEGG:04144 B2RYP4 6 2.0
Copb2 Coatomer subunit beta’' Endocytosis 15 1.7
Washcg WASH complex subunit 4  Endocytosis KEGG:04144 D4A716 5 1.7
Ehd1 EH-domain containing 1 Endocytosis KEGG:04144 Q64176 21 1.6
Ap2a2 adaptor related protein Endocytosis KEGG:04144 Q66HM2 22 1.5
complex 2 subunit alpha 2
Ehdg EH-domain containing 4 Endocytosis KEGG:04144 Q8R3Z7 24 1.4
Kifsb kinesin family member 5B Endocytosis KEGG:04144 Q2PQA9 17 1.3
Ap=2a1 adaptor related protein Endocytosis KEGG:04144 D3ZUY8 16 1.2
complex 2 subunit alpha 1
Rab3s RAB35, member RAS Endocytosis KEGG:04144 Q5U316 6 1.2
oncogene family
Vpsgb vacuolar protein sorting 4  Endocytosis KEGG:04144 Q4KLL7 6 1.2
homolog B
Nckap1 Nck-associated protein 1 Endocytosis P55161 7 1.2
Picalm Phosphatidylinositol- Endocytosis 055012 7 1.2
binding clathrin assembly
protein
Cltc clathrin heavy chain Endocytosis KEGG:04144 FiM779 176 1.2
RT1-CE4 RT1 class I, locus CE4 Phagosome KEGG:04145 D3ZQGg 8 > 15
Dynecili1 dynein cytoplasmic 1light ~ Phagosome KEGG:04145 G3V7Go 7 2.3

intermediate chain 1



Canx
Calr
Nef1

Tubbga
Tubbgb
Tubbs
Actb

Cybb

Tubbzb
Tubb6

calnexin
calreticulin

neutrophil cytosolic factor
1

tubulin, beta 4A class IVa
tubulin, beta 4B class IVb
tubulin, beta 5 class I
actin, beta

cytochrome b-245 beta
chain

tubulin, beta 2B class IIb
tubulin, beta 6 class V

Phagosome
Phagosome

Phagosome

Phagosome
Phagosome
Phagosome
Phagosome

Phagosome

Phagosome

Phagosome

KEGG:04145
KEGG:04145
KEGG:04145

KEGG:04145
KEGG:04145
KEGG:04145
KEGG:04145
KEGG:04145

KEGG:04145
KEGG:04145

P35565
P18418
FiM7o7

B4F7C2
G3V7C6
P69897
P60711
QoERL1

Q3KRES
Q4QQVo

32
63

143
162
174
349

144
108

2.1
1.9
1.5

1.2
1.2
1.2
1.2

1.2

1.2

1.2
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Only proteins with 5 or more PSMs are included. PSM ratio is PSMsBira-claudin-18/ PSMSYFp-claudin-18. UniProt,

KEGG, and WikiPathways (WP) were used to obtain protein and pathway pathway information.
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CHAPTER 6: DISCUSSION — CONCLUSION AND FUTURE DIRECTIONS

Since the discovery of the first tight junction proteins nearly thirty years ago,'-3 the tight
junction biology field has made significant advances in our understanding in how these vital
protein complexes assemble and function.4 The cell and tissue specific barrier properties
conferred by specific tight junction protein combinations reveals the complexity of these
proteins. Specific membrane lipids, mechanical force and scaffolding proteins can drive
assembly and function.5-7 Based on our work and the work of others, we now know that tight
junctions not only form paracellular barriers, but they can also act as signaling hubs through
specific claudin-scaffold protein interactions, respond to mechanical force, and play a role in cell
polarization and differentiation.8-3

Accumulating evidence shows that tight junctions can play a pivotal role in facilitating
disease progression and prevention.'4-¢ Though our understanding of tight junctions has grown
exponentially since their discovery, a deeper knowledge of the components that regulate tight
junction assembly and function is necessary in order to therapeutically tune tight junctions.?”
The work presented in this dissertation characterized a specific tight junction morphology (tight
junction spikes) observed with chronic alcohol consumption and associated with a decrease in
epithelial barrier function. Using a chronic alcohol exposure model system, we profiled tight
junction proteins for differences in expression and found that claudin-5 was upregulated.
Claudin-5 overexpression was necessary and sufficient to decrease barrier function, interfering
with claudin-18/Z0-1 interactions. Claudin-5 overexpression was associated with an increase in
tight junction spikes, which appeared to be sites of vesicle budding and fusion. Treatment with
the endocytosis inhibitor Dynasore resulted in a decrease in tight junction spikes and large
molecular flux, as well as cytoskeletal rearrangement. A difference in the claudin-18/Z0-1 ratio

in spikes from control-diet and alcohol-diet cells further suggests that alcohol-induced changes
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in protein interactions at tight junctions can drive morphological and functional changes. We
also found that BiolID is a valuable method for investigating these differences in the tight
junction proteome by identifying proteins within the claudin-18 interactome. Overall, this work
extends our understanding of tight junction protein interactions and the relationship between
tight junction morphology and barrier function in normal and pathological conditions. In this
chapter, I discuss the implications of this research and several hypotheses and future directions

prompted by this work.

Alcohol-induced changes in tight junction protein interactions

The discovery of claudins as the crucial components conferring tight junction barrier
function has led to a flood of research characterizing the properties of individual claudins and
specific combinations of claudins. We now know that claudins can have tissue-specific barrier
properties which appear to be in part due to different combinations of claudins present.:8-20
Mutational studies as well as recently solved claudin crystal structures have provided insight
into tight junction assembly and how claudins interact with each other.2*-24 However, the
network of protein interactions at tight junctions that can influence barrier function goes
beyond claudin-claudin interactions, including significant interactions with scaffold proteins
and signaling molecules.252¢ In Chapter 3, we demonstrate that claudin-5/claudin-18
interactions can disrupt interactions between claudin-18and the scaffold protein ZO-1. Previous
examples of claudin heterocomplexes have been shown, but this is the first example of a claudin
heterocomplex affecting claudin/scaffold interactions.272® An increase in claudin-5 expression
observed in our chronic alcohol model was necessary and sufficient for decreasing barrier
function. This suggests that cis interactions between claudin-18 and claudin-5 could be part of
the mechanism to disrupt barrier function in alcoholic lung syndrome.

In Chapter 4, we observed an increase in the claudin-18/Z0-1 ratio along spike length that

suggests local changes in the distribution of claudin-18 and ZO-1. In spikes in AECs from
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control-fed rats, the increase in the claudin-18/Z0-1 ratio suggests that more claudin-18 or less
Z0-1is present at the end of the spike projection compared to the beginning of the spike close to
the intercellular tight junction. By contrast, the similar ratio between either end of tight junction
spikes in AECs from alcohol-fed rats suggests an even proportion of claudin-18 to ZO-1. No
significant difference in overall claudin-18 or ZO-1 expression in cells from control-fed and
alcohol-fed samples was found, supporting a model where changes in the claudin-18/Z0-1 ratio
within spikes are reflective of localized changes. 29 Coupled with previous observations of
decreased claudin-18/Z0-1 colocalization at junctions in cells from alcohol-fed rats and an
increase of Triton X-100-soluble claudin-18 in claudin-5 transfected cells, we hypothesize that
claudin-18 is less integrated or tethered in tight junctions along tight junction spikes in alcohol-
fed samples, resulting in a higher turnover and redistribution of claudin-18, and subsequently a
deficiency in barrier function. This hints at a change in tight junction stability and turnover
associated with alcohol. Whether directly triggered as a result of an increase in spikes, a
disassociation of claudin-18 from ZO-1, or more indirect means is not known.

Scaffold proteins have long been thought of as the nucleators of tight junction formation,
tethering passive claudin components to the actin cytoskeleton.3°-32 Exchange of claudin
components interacting with the assembled scaffold can thereby tune barrier function while
avoiding a drastic deconstruction of the tight junction. Recent evidence demonstrating that ZO-1
and ZO-2 phase separate to form membrane-bound compartments sheds light on how scaffold
protein interactions can influence tight junction component recruitment and assembly.
Conformational changes to ZO proteins that affect the ability to form intramolecular
interactions determine phase separation, and thereby tight junction assembly.33.34 Our work
demonstrating disruption of claudin/scaffold protein interactions fits with this model but
suggests that claudins could play an active role in regulating protein interactions at the tight
junction. Claudins bind to the PDZ domains of ZO proteins via a C-terminus PDZ-binding motif,

while claudin-claudin cis interactions occur through transmembrane and extracellular loop
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regions.2:22.35 We hypothesize that claudin-5 overexpression disrupts claudin-18/Z0-1
interactions through higher affinity interactions with claudin-18 that force claudin-18
dissociation from ZO-1, possibly promoting recruitment of other proteins to the C-terminal tail
of claudin-18.° In this model, we hypothesize that altering claudin-18 interactions could shift
the local tight junction proteome that affects the function of the tight junction complex. Whether
alcohol signals tight junction changes directly or as a result of other alcohol-mediated effects

such as inflammation is not fully known.36-4°

Tight junction spikes as separate sites of activity

Interestingly, alcohol-induced changes in tight junction protein expression were associated
with an increase in tight junction spikes. Furthermore, claudin-5 overexpression was sufficient
to induce this morphological change. Chapter 3 and Chapter 4 describe my work to characterize
tight junction spikes, with particular emphasis on identifying proteins involved in tight junction
spike formation and function. Live-cell imaging allowed us to observe vesicles budding and
fusing with tight junction spikes, suggesting that spikes could be nucleators of signaling activity
or areas of active tight junction remodeling. Several signaling proteins are known to localize to
tight junctions, including polarity complex proteins and Rho GTPases.4-4¢ Additionally, our
BioID experiment identified several proteins involved in vesicle trafficking enriched with BirA-
claudin-18, similar to observations made with BioID of claudin-4 and occludin, though a
connection to tight junction spikes cannot be drawn without additional experiments.47

Turnover at tight junctions can occur rapidly and via multiple endocytic routes, and recent
evidence of claudins in cuboidal cells being added to the basolateral side of tight junctions
suggests that addition of new proteins to existing tight junctions could occur at particular
regions of the junction complex.48-5! Spike structures in Pemphigus vulgaris antisera
keratinocytes show similar evidence of endocytic activity, suggesting the possibility that the

orientation of junctions in a squamous cell monolayer provide a more accessible view of
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endocytic activity.52 We hypothesize that the lateral membrane surface in squamous alveolar
epithelial cells is formed between overlapping cells rather than an end-to-end model based on
cuboidal cells. Because of this orientation, the tips of tight junction spikes could act as the
basolateral side of tight junction strands within the overlapping lateral junctions where new
tight junction proteins can more readily be added.

Our observation of differences in claudin-18 and ZO-1 protein composition along tight
junction spikes further suggests some partitioning of tight junction proteins at spikes. One
possibility of how this could occur is through enrichment of particular membrane lipids along
tight junction spikes that promote localization of particular tight junction components.
Depletion of cholesterol in a-catenin-deficient EpH4 cells resulted in an inability to form tight
junctions.53 Rescue with cholesterol supplementation led to tight junction formation and
cholesterol-rich tight junction spikes. Membrane lipids are known to play an important role in
tight junction assembly, facilitating protein recruitment and stabilization of tight junctions.54-57
Several lipid-binding and lipid metabolism proteins were enriched in BirA-claudin-18 samples
in our BioID experiments (Chapter 5). Whether tight junction spikes have a membrane lipid
composition differing from linear tight junctions is important in understanding how tight

junction spike form and whether there are distinct regions at the tight junction.

Dynamin-2-actin bundling and tight junction spike formation

Evidence of endocytosis at tight junction spikes initially led us to investigate a role for
endocytosis machinery in tight junction spike formation and function. By treating cells with the
dynamin inhibitor Dynasore, we noted a significant decrease in tight junction spikes. We then
profiled the dynamin expression and determined dynamin-2 as the dominant isoform. Initially,
we hypothesized that dynamin-2 could be playing a role in tight junction spike formation
through localization along tight junction spikes similar to the spike structures in tubulobulbar

complexes.5® Our initial investigation shows tight junction localization of dynamin-2 but was
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unable to resolve spike-localization of dynamin-2. Interestingly, we observed cytoskeletal
rearrangement with Dynasore treatment, namely a recovery of cortical actin associated with the
loss of tight junction spikes. There is a growing body of research suggesting dynamin-2 has an
alternative function as an actin filament-bundling protein, facilitating formation of spike-like
invadosome and filopodia structures.>9-¢° This evidence informed our current model of spike
formation where we propose that dynamin-2 acts in its role as an actin bundling protein,
reorienting cortical actin into actin filaments that tight junction spikes project along. Further
analysis through dynamin-2 knockdown studies is necessary to determine whether this is part of
the mechanism of tight junction spike formation. Actin filament bundles are not restricted to
areas with spikes nor does every spike appear to colocalize with an actin filament bundle. The
necessity of actin bundling by dynamin-2 and whether it is an essential step in tight junction
spike formation, as well as the presence of other actin binding proteins at spikes, are important

points to address in understanding the role of the cytoskeleton in tight junction spikes.

Asymmetrical formation of tight junction spikes and S-catenin

We found that tight junction spikes typically protrude in one direction along a linear
junction on the opposite side of asymmetrically localized B-catenin staining. Interestingly, tight
junction spikes tend to orient along actin filaments that terminate in asymmetric B-catenin
regions. It is possible that actomyosin contraction could drive tight junction spike formation,
similar to force-induced focal adherens junctions.* There is accumulating evidence on how
mechanical force plays a role in tight junction assembly, namely through ZO-1, which can confer
mechanosensitive properties to tight junctions through its association with the actin
cytoskeleton.”42 This is a tenuous balance, as too much tension can impair tight junction barrier
function, which could explain the decrease in barrier function associated with tight junction
spikes. 2 Additionally, ZO-1 phase separation has been shown to be dependent on mechanical

force in part due to changes in ZO-1 conformations.33:3463 Interestingly, the link between ZO-1
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and actin was recently found to be a weak association.5 Increasing the strength of ZO-1
association with actin decreased barrier function, further emphasizing the delicate balance
between tight junctions and the cytoskeleton that regulates barrier function. It is possible that
changes in claudin-18/Z0-1 binding with chronic alcohol or claudin-5 overexpression could
affect ZO-1 conformation, thereby affecting the strength of ZO-1’s interaction with actin and
result in barrier impairment.

There are two predominant roles for f-catenin, depending on whether it is junction-
associated or cytosolic. In adherens junctions, B-catenin serves as a link between
transmembrane cadherin proteins and the actin cytoskeleton through interactions with actin-
binding proteins. By contrast, cytosolic B-catenin binds to the Tcf/Lef transcription factor,
mediating transcription of genes involved in Wnt-activated cell proliferation and can regulate
lung development®4-7, The unique staining pattern of B-catenin we observed at junctions
suggests two possible explanations: that non-junction associated B-catenin could be present at
one side of the junction interface, or the adjacent cells are overlapping, allowing visualization of
lateral adherens junctions. Cytosolic f-catenin is normally either targeted to the nucleus or
rapidly degraded via the proteasome, making a large pool of cytosolic f-catenin near junctions
unlikely®498, In addition, B-catenin associates with the actin cytoskeleton through actin-binding
proteins such as a-catenin, fascin, and Ras GTPase-activating-like protein (IQGAP)%. Adherens
junctions in the apical junctional complex are associated with cortical F-actin bundles that form
a circumferential ring around polarized cells, while less polarized epithelial and endothelial cells
have adherens junctions associated with more tangential actin filaments®. Dynamic changes in
actin can exert different intracellular forces or transmit extracellular forces through intercellular

junctions.



236

Tight junction spikes and localized permeability

In Chapter 4, we investigated whether tight junction spikes were sites of increased barrier
permeability through the use of a localized permeability assay (XPerT).7° Though tight junction
spikes were not leakier than linear tight junctions, cells overexpressing claudin-5 did have more
leak overall, though it appeared as hotspots of leak as opposed to universal leak. This suggests
that tight junction spikes could cause or be the result of more widespread changes to barrier
function. For instance, tight junction spikes could be areas of increased tension, causing a
decrease in barrier function at other junctions within the monolayer. The fact that tight junction
spikes are not uniformly distributed within cell monolayers strengthens the idea that changes in
barrier function are the result of a spectrum in tight junction morphologies and properties.
Interestingly, Dynasore treatment only partly rescued barrier function, decreasing larger
molecular leak (Texas Red-dextran, 10 kDa) but increasing small molecule (calcein) and ion
permeability. This could be due to an overcompensation in the strength of cortical actin
arrangement, shifting the balance to a higher tension state that is still permeable to small
molecules and ions.5772 Alternatively, if tight junction spikes sequester particular tight junction
proteins, the redistribution of spike-associated tight junction proteins into the linear tight

junction could alter the barrier properties.

New technologies for tight junction research

The ability to analyze local areas of leak is an invaluable tool for investigating the ways in
which different tight junction morphologies affect barrier function. Several assays for observing
localized leak exist but are not widely used. One drawback to the XPerT assay used in Chapter 4
is its reliance on large molecule (avidin) flux in order to visualize permeability. This is easily
achieved in endothelial cells, which are leakier by nature. However, in tighter model systems,
this assay may only be useful if there is aberrant leak and might not be sensitive enough to

visualize finer differences in permeability. The ZnUMBA assay is a similar localized leak assay
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that utilizes flux of the small molecule ZnCl. to visualize leak. The use of these assays in
assessing tight junction permeability is necessary to answer questions about barrier properties
with heterogenous junction morphologies.

Traditional microscopy has a limited resolution at 200 nm, making it difficult to visualize
strand breaks (20 to 200 nm) within tight junctions that can facilitate increased paracellular
leak, but super-resolution techniques can provide an alternative for indirectly assessing areas of
localized permeability.7374 In Chapters 3 and 4, we used stochastic optical reconstruction
microscopy (STORM) and stimulated emission depletion (STED) microscopy to visualize
differences in tight junction proteins within tight junction structures. However, super-resolution
microscopy techniques are limited to their ability to visualize only a few known tight junction
protein components at a time. This restricts our ability to understand how the larger tight
junction protein network with novel protein components localize and interact at tight junction
complexes. Use of the BioID technique shows promise in addressing this technology gap by
using a biotinylation enzyme (BirA) conjugated to a tight junction protein to investigate the local
tight junction proteome.”s Observations utilizing this technique have revealed varying
proteomes at the N-terminus and C-terminus of ZO-1, highlighting its potential for dissecting
tight junction interactions.477677 In Chapter 5, we demonstrate use of this technique to explore
the claudin-18 local proteome, with future applications focusing on addressing changes in the
claudin-18 proteome with chronic alcohol and claudin-5 overexpression. Taken together,
advances in super-resolution microscopy along with proteomic techniques will help facilitate

novel observations of tight junction nanoarchitecture.

Therapeutic outlook
The ability to tune barrier permeability through targeting of tight junction protein
interactions is vastly important for drug development and drug targeting. In Chapter 3, we use a

claudin-5 peptide to rescue barrier function, which was coupled with a decrease in claudin-5



238

expression and a decrease in the number of tight junction spikes. This not only emphasizes the
relationship between tight junction morphology and barrier function but shows that disrupting
claudin interactions at the tight junction has potential as a therapeutic target.”® Additionally,
claudin-5 is an important component of the blood-brain barrier and is therefore an important
target to consider in facilitating drug permeability across barriers.79-82 Because monolayers with
claudin-5 overexpression experienced hotspots of leak instead of uniform leak, tissue barriers
could experience a range of permeabilities with different levels of tuning needed. This is an
important consideration for drug development, both in considering how to target injured areas
of a barrier and how to restrict barrier-breaching drugs to a specific region of tissue when a

tissue-wide barrier breach is not desirable.

Summary

The evolution of our knowledge of tight junctions has grown exponentially since the
discovery of the first tight junction proteins. Yet, how tight junction proteins, both individually
and in complex, confer tunable barrier properties in various tissue and conditions remains an
open question. The work presented in this dissertation helps to define how specific tight
junction proteins in lung alveolar epithelial cells can drastically affect tight junction function.
We build upon growing knowledge in the field on tight junction protein interactions while
emphasizing that claudin-induced changes to these interactions can have long reaching effects
on tight junction structure and barrier properties. Overexpression of claudin-5 not only affected
local claudin-18/Z0-1 interactions at the tight junction but shifted linear tight junction
morphology to have more tight junction spikes and produced hotspots of leak across cell
monolayers. This highlights the necessity to consider how changes in the tight junction
interactome can globally affect barrier permeability and whether changes in permeability are
equally distributed across monolayers. This could provide insight into how barriers experience

breaches or injury, and whether localized adjustments to tight junctions are sufficient to repair
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barriers. Advancements in super-resolution microscopy and localized permeability assays will
help future work investigating protein interactions at the tight junction and how these
interactions affect the larger tight junction network within cell monolayers. Coupled with
proteomic analysis of the tight junction interactome, these approaches will help address
remaining gaps in our knowledge concerning the details of the local tight junction proteome, as

well as how changes in the proteome affect barrier properties on a tissue-wide scale.
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