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Abstract

The claudins are a family of integral membrane proteins located in tight junctions. Tight junctions
are protein complexes that links the membrane of adjacent epithelial cells together. Claudins
regulate paracellular transport between cells in mature epithelia. Interestingly, claudins are
expressed in several branching organs during development, for example, the kidneys and the
lungs, even prior to the initiation of paracellular transport. Previous results from my laboratory
showed that the removal of a subset of claudins using the non-toxic protein reagent C-CPE (a
truncated form of Clostridium perfringens enterotoxin) resulted in the reduction of branching in

mouse embryonic kidney explants.

To determine if claudins are required for lung branching morphogenesis, | examined their role
during early lung development. Using in situ hybridization and immunofluorescence, | showed
that Cldn1, -3 and -10 mRNA and protein are expressed in the epithelial cells of chick lungs during
the first stages of branching morphogenesis. When | cultured embryonic chick and mouse lung
explants in the presence of C-CPE, no difference in lung bud count was observed. However, a
significant decrease in the lumen perimeter and the lumen area was detected in the chick lung
explants after 48h of culture (P = 0.05). Mouse lung explants exhibited a similar phenotype, but
further experiments are needed to confirm if claudins are important for lumen expansion in the
developing mouse lung. Immunofluorescence of the C-CPE-sensitive Cldn3 was performed on
chick lung cryosections to determine if the phenotype was due to the removal of those C-CPE-
sensitive claudins. Cldn3 appeared to colocalize less with ZO-1, a tight junction marker, in C-CPE-
treated explants. Accumulation of Cldn3 in the lumen was also observed in some C-CPE-treated
explants. Further replicates are needed to confirm the effect of C-CPE on sensitive claudins. Cldn3
immunofluorescence was also performed on whole mount mouse explants and abnormal
expression was observed at the basolateral side of the epithelial cells. These data suggest that the
effects on lumen area in the C-CPE-treated lungs could be due to a depletion in C-CPE-sensitive
claudins at the apical cell surface. In conclusion, the data in this thesis shows that C-CPE-sensitive
claudins do not exhibit a direct role in chick or mouse lung branching morphogenesis, but rather

that these claudins may play a role in the regulation of luminal fluid accumulation.



Résumé

Les claudines sont une famille de protéines membranaires intégrales qui se trouvent dans les
jonctions serrées. Les jonctions serrées sont des complexes protéiques reliant la membrane de
cellules épithéliales adjacentes. Les claudines régulent le transport dans I'espace paracellulaire
dans les couches de cellules épithéliales matures. |l est intéressant de constater que les claudines
sont exprimées dans plusieurs organes ramifiés, comme le rein et les poumons, au cours de leur
développement, et ce méme avant le début du transport paracellulaire. Des résultats antérieurs
de mon laboratoire ont montré que le retrait d'un sous-ensemble de claudines a l'aide de Ia
protéine non toxique C-CPE (une forme tronquée de I'entérotoxine de la bactérie Clostridium
perfringens) entrainait une réduction de la ramification dans des explants de reins embryonnaires

de souris.

Pour déterminer si les claudines sont nécessaires a la morphogenése de ramification des
poumons, j'ai examiné leur réle dans des explants de poumons embryonnaires de poulet et de

souris. En utilisant I'hybridation in situ et I'immunofluorescence, j'ai montré que I'ARNm et la

protéine des Cldn1, -3 et -10 sont exprimés dans les cellules épithéliales des poumons d’embryons
de poulet au cours des premiers stades de la morphogenese de ramification. Lorsque j’ai mis en
culture des explants pulmonaires d’embryons de poulet et de souris avec du C-CPE, aucune
différence dans le nombre de bourgeons pulmonaires n’a été observée. Cependant, une
diminution significative du périmétre de la lumiere et de la surface de la lumiere a été détectée
dans les explants de poumon de poussin apres 48 heures de culture (P = 0,05). Les explants de
poumon de souris présentaient un phénotype similaire, mais des mesures supplémentaires sont
nécessaires pour confirmer le réle des claudines dans I'expansion de la lumiére pulmonaire. Une
immunofluorescence marquant la Cldn3, qui est sensible au C-CPE, a été réalisée sur des
cryosections de poumon d’embryons de poulet afin de déterminer si le phénotype était dii au
retrait des claudines par le C-CPE. La Cldn3 semble moins se colocaliser avec ZO-1, un marqueur
de jonction serrée, dans les explants traités avec du C-CPE. Une accumulation de Cldn3 dans la
lumiere a également été observée dans certains explants traités avec du C-CPE. D'autres réplicats
sont nécessaires pour confirmer I'effet du C-CPE sur les claudines sensibles au C-CPE. Une
immunofluorescence marquant la Cldn3 a également été réalisée sur des explants de souris
complets et une expression anormale a été observée sur le coté basolatéral des cellules
épithéliales. Ces données suggerent que le phénotype de réduction de la surface de la lumiére

dans les poumons cultivés avec du C-CPE pourrait étre di a une réduction de la localisation des



claudines sensibles au C-CPE sur la surface apicale des cellules épithéliales. En conclusion, les
données de ce projet démontrent que les claudines sensibles au C-CPE ne jouent pas un role direct
dans la morphogenése de ramification des poumons chez le poussin ou la souris, mais ces

claudines pourraient jouer un réle dans la régulation de I'accumulation de liquide luminal.
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CHAPTER 1: Introduction

1.1 Tight junctions

Tight junctions are the most apical junctional protein complexes that are established between the
membrane of adjacent epithelial and endothelial cells. They are organized in the form of strands
across the membrane. These junctions are particular because they are responsible for the
permeability or ‘tightness’ of the tissue. Their main function is to regulate the passage of ions and
solutes through the paracellular pathway (Figure 1). In fact, some transmembrane tight junction
proteins restrict the passage of specific groups of molecules whether it is by their size or by their
charge (reviewed by Gupta & Ryan (2010)). In certain tissues, for example in the bladder, tight
junctions act more as a barrier by blocking paracellular flow (Krause et al., 2008). In other tissues
like the kidney nephron, tight junctions are regulators of the reabsorption of water and ions
(reviewed in Szaszi & Amoozadeh (2014)). In the blood-testis barrier, the tight junctions have a
major role in isolating the germ cells from the bloodstream. It allows the tight junctions to control
the passage of ions and solutes necessary for the development of the germ cells in their
microenvironment (reviewed in Mruk & Cheng (2015)). The role of the tight junctions in these
different tissues suggests that the permeability of tight junctions depends on the tissue in which
they are localized. Tight junctions are also responsible for regulating epithelial cell adhesion. They
have strong cell-adhesion activities which allow them to form ‘kissing points’. These structures
form where the membrane of adjacent epithelia are in contact with each other (Kubota et al.,
1999). Tight junctions also have a role in maintaining the apical-basal polarity by segregating the
membrane proteins specifically expressed at the apical or the basolateral side of the cell (Balda

et al., 1996).
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basal

Figure 1. Schematic of the different functions of tight junctions.

Tight junctions have multiple functions. They maintain the cell’s apical-basal polarity by
segregating the proteins expressed on the cell membrane apical surface (yellow triangles) from
the proteins expressed on the basolateral membrane surface (red circles). The tight junctions also
act as barriers in specific tissues by blocking transfer through the paracellular pathway. Finally,
they regulate the paracellular passage of ions and solutes by differentially selecting for charge
and size. These properties are determined by the different tight junction proteins present in the
various tissues. The figure is from Gupta & Ryan (2010).

Tight junction barrier permeability is controlled by different protein families that constitutes the
tight junction complex. Transmembrane proteins such as claudins, occludin and junctional
adhesion molecules (JAMs) (Figure 2) interact with each other on the same membrane and on the
adjacent cell membrane to regulate the cell layer’s permeability (Cording et al., 2012). Claudins
are the only transmembrane proteins necessary for tight junction formation (Furuse et al., 1998).
Beneath the plasma membrane, transmembrane proteins interact with scaffolding proteins at the
cytoplasmic plaque. They are necessary to link the transmembrane proteins to other structural or
signaling proteins. For example, the Zonula occludens proteins, which include ZO-1, ZO-2 and ZO-
3, interact with each other and with the C-terminal tail of claudins through different protein
domains. In fact, specific PSD-95/discs-large/Zonula occludens-1 (PDZ) domains are known to
interact with the C-terminal tail of most claudins (Itoh et al., 1999). PDZ domains are common
structural domains which are present in many scaffolding proteins. Their main role is to link

different proteins together and anchor them to the cytoskeleton. Scaffolding proteins also
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interact directly with the actin cytoskeleton indirectly linking the claudins to the actin
cytoskeleton (Figure 2) (Fanning et al., 1998, Wittchen et al., 1999). Using fluorescence recovery
after photobleaching, Van ltallie et al. showed that the interactions between claudins and ZO-1,
and between Z0O-1 and actin, are highly dynamic with their association occurring at irregular
intervals (Van Itallie et al., 2017). Even though my project focuses on claudins, the other proteins
of the complex are also important to consider because their interaction with claudins affects
different molecular and cellular processes. Indeed, the effects seen by the removal of claudins
from the tight junctions might be caused by the decrease in interactions with the proteins of the

tight junction complex.

'\

JAMs

Claudin

Occludin

Figure 2. Schematic of tight junction protein complex.

Tight junctions are protein complexes formed by the assembly of multiple protein families. The
main transmembrane proteins in tight junctions are claudins, occludin and junctional adhesion
molecules (JAMs). They interact with scaffolding proteins such as ZO proteins, MUPP1, cingulin
and paracingulin which link them to the actin cytoskeleton. The figure is from Gamero-Estevez et
al. (2018).
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1.1.1 Tight junction proteins

1.1.1.1 Claudins

Claudins are a family of integral membrane proteins and have a prominent role in tight junction
complexes. They have four transmembrane domains, two extracellular loops, a short intracellular
loop and their N- and C- termini are in the cytoplasm (Figure 3). It is mostly the two extracellular
loops that define the barrier properties of the different claudin members. The first extracellular
loop sequence is very variable between claudins and the charged amino acids located in this loop
determine the ionic specificity of the claudin (Colegio et al., 2002). The second extracellular loop
is responsible for the oligomerization between the claudin units, which is the interaction that
allows the formation of the strands across the cell membrane. The second extracellular loop of a
subset of claudins also includes a Clostridium perfringens enterotoxin (CPE) binding site (Figure
3). The C-terminal domain is important to interact with intracellular proteins. It includes a PDZ-
binding domain which allows scaffolding proteins such as the Zonula occludens proteins to
interact with claudins (Figure 3). The C-terminal domain is also often modified by post-
translational modifications. These modifications influence the stability, the structure and the
localization of the claudins. They can also affect the capacity of the claudins to interact with other
proteins (Tanaka et al., 2005). Claudin family members interact with each other to form the tight
junctions. These interactions take place between claudins on the same membrane (cis-
interactions) or with claudins on the membrane of neighbouring cells (trans-interactions). The
transmembrane domains of claudins are important for the dimerization of claudins to form cis-
interactions or ‘strands’ along the plasma membrane (Van ltallie et al., 2011). However, the cis-

interaction between claudins also involves extracellular loops (Schlingmann et al., 2015).

Claudins play an important role in regulating the permeability of several tissues, including the
intestines, the bladder and the kidneys (reviewed in Krause et al. (2008)). More than 20 members
have been discovered in vertebrates and this allows many possible combinations that dictate

permeability.
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Figure 3. Schematic of claudin protein.
Each claudin family member has a similar structure that consists of two extracellular loops, four

transmembrane domains and cytoplasmic N- and C- termini. The first extracellular loop is mainly
responsible for the charge selectivity of the ions and molecules which can traffic through the
paracellular pathway. The first extracellular loop of at least Claudin-1 also includes a Hepatitis C
virus (HCV) receptor site. The second extracellular loop is important for the establishment of
claudin complexes formed by the oligomerization of multiple claudin members. A subset of
claudins also have a Clostridium perfringens enterotoxin (CPE) binding site on the second
extracellular loop. The C-terminal domain is important to interact with intracellular proteins. It
includes a PDZ binding domain which allows scaffolding proteins such as ZO-1 to interact with
claudins. These proteins link the claudins to other proteins interacting with the actin cytoskeleton
The figure is from Gupta & Ryan (2010).

Interaction between two identical claudins is considered homotypic and when the interaction is
between two different claudins, it is classified as heterotypic. Most of the time, claudins have

preferred partners in their heterotypic interactions. For example, Claudin-3 is known to interact
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with Claudin-4 in a cis-interaction, but not in trans (Daugherty et al., 2007). Also, Claudin-1 can

associate with Claudin-3 in a trans-interaction (Furuse et al., 1999).

Claudins are also classified by their ability to form pores or to seal the tight junction. This is usually
determined by their capacity to increase or decrease transepithelial electrical resistance when
overexpressed in a cell line. Transepithelial electrical resistance is the measurement of the
resistance of an electric current passing through an epithelial cell layer. It has been used to assess
tight junction permeability. A high transepithelial electrical resistance indicates that there is more
resistance in the cell layer meaning that the cells are closer to each other and that their ability to
let ions to pass through is affected. If a claudin that is overexpressed in a low resistance cell line
increases the transepithelial electrical resistance, the claudin is considered a sealing claudin.
Sealing claudins include Claudin-1, -3, -5, -7, -11 and -18, while pore-forming claudins include
Claudin-2, -4, -8, -10, -14, -15, -16 and -19 (Hou et al.,, 2013). However, this change in
transepithelial electrical resistance depends on the interaction of the claudin with the tight
junction proteins already in the specific tissue. Indeed, the functional classification of claudins is
not straightforward because they have different functional characteristics depending on their
interacting partner and the microenvironment. Claudins can also control the permeability of the
paracellular pathway according to the charge of the molecule by forming anion or cation specific
pores or barriers. For example, when Claudin-4, which is a barrier claudin, is overexpressed in
Madin-Darby Canine Kidney (MDCK) cells, the permeability of Na* is decreased compared to the
Cl permeability (Van Itallie et al., 2001). The relationship between the claudin interaction partner
in cis and in trans can also determine whether claudins form a cation or anion specific paracellular
pore or barrier. For instance, Claudin-4 and Claudin-8 need to interact to form a CI' channel in the
kidney collecting duct (Hou et al., 2010). These data show that the claudin family members have
different roles in tissue permeability suggesting that the effect of altering claudin localization or
expression would depend on the targeted claudins and the claudins that remain in the tight
junction. It would be challenging to determine if the effect is due to the absence of this claudin in

the tight junction or due to the elimination of its interaction with the other claudins.

Claudins can also undergo post-translational modifications. These modifications can alter the
function and regulate the interactions and localization of the claudin. Different classes of post-

translational modifications are observed in claudins with phosphorylation being the most
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common modification detected in claudins. It consists of the addition of a phosphoryl group to a
serine, a threonine or a tyrosine residue of a protein. In the claudin proteins, phosphorylation
sites are often localized in the C-terminal tail (Liu et al., 2016). Phosphorylation of claudins can
affect different characteristics of the protein and the effects are dependant on the residue and
the claudin family member. For example, phosphorylation of Claudin-4 at Tyr208 located in the
C-terminal tail affects the interaction of the claudin with ZO-1, decreasing its localization to the
tight junction (Tanaka et al., 2005). However, phosphorylation of Ser208 in Claudin-2 increases its

retention in the membrane of MDCK cells (Van Itallie et al., 2012).

Claudin residues can also be palmitoylated. Palmitoylation is the addition of fatty acids to specific
residues, mainly cysteines. In all claudins, next to the second and the fourth transmembrane
domains, there are two cysteine residues with a palmitoylation motif (Van ltallie et al., 2005).
Claudin-14 needs the palmitoylation at these specific residues to properly be localized at the tight
junction (Van Itallie et al., 2005). Other post-translational modifications such as ubiquitination,
SUMOylation and glycosylation have been observed or predicted in claudins but are less common

than the phosphorylation and the palmitoylation.

1.1.1.2 Occludin

Occludin is an integral membrane protein localized in tight junctions. It was the first tight junction
transmembrane protein to be identified (Furuse et al., 1993). Its structure consists of 4
transmembrane domains, two extracellular loops and cytoplasmic N- and C- termini. Each domain
has a distinct function. For example, it has been shown that the extracellular loops have roles in
occludin localization and in maintaining tight junction stability (Balda et al., 2000). The C-terminus
of occludin interacts with the guanylate kinase (GUK) domain of ZO-1 (Schmidt et al., 2004). This
interaction has been shown to be important for occludin localization at the plasma membrane
(Furuse et al., 1994). Knockdown of ZO-1 in MDCK cells delayed occludin recruitment to the

membrane while the occludin knockdown did not affect ZO-1 recruitment (Odenwald et al., 2017).

Numerous papers have confirmed that occludin has a role in regulating tight junction paracellular
permeability. When occludin was overexpressed in MDCK cells, there was an increase in the
transepithelial electrical resistance (McCarthy et al., 1996). Despite that, occludin is not necessary

for the formation of tight junctions. In fact, an occludin mouse knock-out showed no
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morphological differences in tight junction strands. Nevertheless, different epithelial tissues in
the occludin mouse knock-out showed a decline in tight junction integrity, suggesting a role in

tight junction maintenance rather than tight junction formation (Saitou et al., 2000).

1.1.1.3 Junction adhesion molecules

Junction adhesion molecules (JAMs) are part of the immunoglobulin superfamily. They are
expressed by platelets, leukocytes, endothelial cells and epithelial cells. Their structure consists
of only one transmembrane domain, two extracellular immunoglobulin-like domains and a
cytoplasmic tail that contains a PDZ binding-domain sequence (Ebnet et al., 2004). JAMs are
known to have two main functions: they regulate the interaction between endothelial cells,
platelets and leukocytes, and they maintain tight junction integrity. Briefly, when JAM-A, a
member of the JAM family, was ectopically expressed in fibroblasts, tight junction strands did not
form. This suggests that JAMs are not sufficient for tight junction formation (Itoh et al., 2001). The
JAMs’ PDZ domain-binding sequence interacts with proteins of the tight junction cytoplasmic

plaque, including ZO-1 (Bazzoni et al., 2000) and MUPP1 (Hamazaki et al., 2002).

1.1.1.4 Zonula occludens family of tight junction proteins

The Zonula occludens family of tight junction proteins consists of three proteins: Zonula
occludens-1 (Z0-1), Zonula occludens-2 (ZO-2) and Zonula occludens-3 (ZO-3). These proteins are
located in the tight junction cytoplasmic plaque. They all contain three PDZ domains, a Src-
homology3 (SH3) domain and a GUK domain (ltoh et al., 1999). PDZ domains can interact with
many different proteins such as claudins, ZO-2 and JAM-A (Itoh et al., 1999, Ebnet et al., 2000).
The GUK domain can bind to occludin (Fanning et al., 1998). ZO proteins are considered
scaffolding proteins because they link the C-terminus of the tight junction transmembrane
proteins to the actin cytoskeleton (Fanning et al., 1998). ZO-1 is not essential for tight junction
formation. This was illustrated by the presence of tight junction strands in the Eph4 cell line, a
mouse epithelial cell line, which was knocked out for ZO-1. However, in the absence of ZO-1, there
was a delay in junction assembly illustrated by the fact that Claudin-3 and occludin strands were
more fragmented in ZO-1 depleted cells compared to control. This phenotype was then rescued

by exogenous expression of ZO-1 (Umeda et al., 2004). Because ZO-1 is expressed at the
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cytoplasmic plaque of the tight junctions, we use it as a tight junction marker when doing
immunofluorescence. However, ZO-1 is also expressed in the adherens junctions, which is another
junctional complex localized more basal compared to the tight junctions (Farquhar & Palade,
1963). Despite this, it is still a good tool to highlight the positions where the cells establish
junctions. ZO-3 has been shown to bind to ZO-1 and the C-terminal tail of occludin, but not with
Z0-2 (Haskins et al., 1998). ZO-3 can also bind directly to the actin cytoskeleton (Wittchen et al.,
1999).

1.2 Clostridium perfringens enterotoxin

To study the role of multiple claudins, a tool called the C-terminus of Clostridium perfringens
enterotoxin (C-CPE) is often used. C-CPE is derived from CPE which is a toxin secreted by the
Clostridium perfringens bacteria that causes food poisoning symptoms associated with C.
perfringens ingestion (McClane, 2001). CPE binds to the second extracellular loop of Claudin-3, -
4, -6, -7,-8 and -14 (Fujita et al., 2000) and drives the epithelial cell to undergo cell death through
its cytotoxic N-terminal domain (Katahira et al., 1997). The mechanism which is responsible for
cell death starts when CPE binds to the specific claudins to form a complex. Six of these CPE-
claudin complexes oligomerize to form a large prepore complex. This complex inserts itself into
the membrane which forms a pore that let solutes like calcium pass through the membrane. This
influx of calcium into the cytoplasm cause the cell to undergo oncosis or apoptosis through the
activation of different mechanisms. The N-terminal domain of CPE is what causes the formation
of the pore which induces the cytotoxic effect. By using only the C-terminus of CPE, the protein
still binds to the targeted claudins and removes them from the tight junctions but does not

generate cell death (Sonoda et al., 1999).

CPE-sensitive claudins were identified by transfecting fibroblasts lacking tight junctions with
plasmids containing the sequence of a single claudin. These fibroblasts expressing single claudins
were then treated with CPE. Considering that CPE causes apoptosis by binding to specific claudins,
the claudins expressed by fibroblasts undergoing apoptosis were considered as CPE-sensitive
claudins (Fujita et al., 2000). This is important because the affinity of CPE on a tissue with
endogenous claudins might be different than in a fibroblast expressing a single claudin. In fact, in

neural and non-neural ectoderm tissue treated with C-CPE, every CPE-sensitive claudin was
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affected except Claudin-14 (Baumholtz et al., 2017). This could be due to the fact that the different
CPE-sensitive claudins bind to CPE with various affinities (Fujita et al., 2000). When C-CPE is in
contact with a tissue containing multiple claudins, it might bind preferentially to the claudins that
have a higher affinity for the peptide. Other hypotheses which explain why Claudin-14 is not
affected in certain tissues include the fact that a Claudin-14 may have a higher affinity toward its
usual binding partner than toward C-CPE. Claudin-14 may also be expressed at a more basolateral
position compared to other claudins and would not be in contact with C-CPE. Post-translational
modifications which change the claudin structure might be another reason why the effect of C-

CPE is different between tissues.

It is also important to mention that even though C-CPE only affects the claudins which have a CPE-
binding site in their sequence, the removal of these claudins can also affect the localization of
their claudin partners in cis and in trans. This is important to consider because it is not known how

these interactions are reorganized when the cells are treated with C-CPE.

To study the role of claudins in different tissues, | used the C-CPE protein because it specifically
binds to the sensitive claudins allowing for the targeted removal of multiple claudins at the same
time. This is important because several claudins have overlapping functions and the removal of
only one claudin might be compensated by another claudin member. Other groups have used C-
CPE to study claudins. For example, Moriwaki et al. used GST-C-CPE to study claudin function in
mouse blastocysts (Moriwaki et al., 2007). Mouse blastocysts contains Claudin-4, -6, -7 and -12.
They showed that mouse blastocysts cultured with C-CPE removed Claudin-4 and -6 from the
trophoectoderm, the first epithelium produced during mammalian development, but it did not
remove Claudin-7. These embryos had an absent or a smaller blastocoel cavity compared to the
controls. This demonstrates that GST-C-CPE is useful to target multiple claudins and is a powerful
tool to study the role of claudins during development. It also reveals that even though Claudin-7
has a relatively high affinity to C-CPE, it was not removed from the tight junctions after C-CPE

treatment. This further shows that the C-CPE effect on claudin removal is dependent on the tissue.
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1.3 Claudins during development

With C-CPE as a tool to target multiple claudins, their function can be studied in different tissues
and organisms. Claudins have important roles during development. During the gastrulation stage
of the chicken embryo, altering the expression of Claudin-1 and Claudin-10 leads to the
randomization of heart looping (Simard et al., 2006, Collins et al., 2015). Also, claudins are
important to control the microenvironment by regulating the paracellular transport which is
necessary for the establishment of hydrostatic pressure differentials. This is essential for the
formation a fluid-filled lumen like in the neuroepithelium of the zebrafish brain where Claudin-5a
promotes lumen formation (Zhang et al., 2010). Claudins are also essential during neural tube
closure. The removal of Claudin-3, Claudin-4 and Claudin-8 from the tight junctions of chicken
embryos during neural tube closure results in neural tube defects. It was shown that they regulate
convergent extension and cell shape, critical processes during neural tube closure (Baumholtz et

al., 2017).

Recent data have revealed a possible role for claudins during the branching of different organs.
In fact, claudins are expressed during early stages of development of organs like the lung, the
kidney and the submandibular gland. Several studies analysing the expression of a subset of
claudins in different branching organs have been published in the past few years and an overview

of these papers is found in the paragraph on branching morphogenesis (section 1.4).

1.3.1 Mouse claudin knock-out and knockdown assays

Single claudin knock-out mouse lines have been produced for the majority of the members of the
claudin family and only a few have lethal or severe phenotypes. This is surprising considering the
fact that claudins are necessary for several key processes during development. This suggests that
claudins have overlapping functions: the removal of a claudin is compensated by the
overexpression or underexpression of other claudin members (reviewed in Gupta & Ryan (2010)).
However, the phenotypes of the claudin knock-out mice can be studied and the phenotypes can
be compared to wild type mice to determine the role of the specific claudin in a certain tissue. For
example, if differences in the permeability of a tissue are observed in the knock-out mice

compared to wild type mice, this can indicate the function of the knocked out claudin in this
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specific tissue. Below is a brief overview of the different mouse claudin knock-outs, knockdowns

and overexpression assays that have been performed and the resulting phenotypes.

Claudin-1-deficient mice are born with a wrinkled appearing skin and they die within the first
postnatal day due to dehydration caused by epidermal barrier defects in the skin. This was shown

by measuring the transepidermal water loss in newborns (Furuse et al., 2002).

Claudin-2-deficient mice have a normal appearance, growth and behavior. Their kidneys also look
morphologically normal, but the cells in the proximal tubule of the nephron had decreased
transepithelial reabsorption of Na*, ClI" and water (Muto et al., 2010). No other organs were

studied.

Claudin-3-deficient mice have a normal appearance and behavior and histological analysis shows
no difference in the kidney nephron compared to wild type (Kerr et al., 2015). However, no

functional analysis of the different organs was assessed.

Claudin-4-deficient mice show no embryonic phenotype and develop normally until adulthood.
However, a diminution of alveolar fluid clearance and a higher permeability to small solutes was
observed in the lungs. Claudin-4 knock-out mice are also more susceptible to lung injury

compared to wild type (Kage et al., 2014).

Claudin-5-deficient mice develop normally, and no endothelial defects are observed in histologic
analysis. However, an increase in blood brain barrier permeability against molecules smaller than

800 Da is observed (Nitta et al., 2003).

Claudin-6-deficient mice are viable and fertile and do not present any obvious phenotype

(Anderson et al., 2008).

Claudin-7-deficient mice are viable until postnatal day 12 when they die of renal salt wasting and
chronic dehydration (Tatum et al., 2009). Intestinal phenotypes like mucosal ulcerations and

inflammation are also observed in Claudin-7-deficient mice (Ding et al., 2012).

Claudin-11 is different than other claudins in the fact that it is expressed in organs where no or
few other claudins are expressed. In fact, it is expressed in the oligodendrocytes of the central
nervous system (Bronstein et al., 1997), the Sertoli cells in the testis (Morita et al., 1999) and in a
basal cell layer of the cochlea, a cavity of the ear (Kitajiri et al., 2004). This is why Claudin-11-

deficient mice have stronger phenotypes. In fact, these mice have no tight junction strands in the
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oligodendrocytes and show hindlimb weakness (Gow et al., 1999). Claudin-11-deficient mice also
lack tight junction strands in the Sertoli cells and the males are sterile (Gow et al., 1999). The study
of the cochlea showed that in Claudin-11-deficient mice, the basal cells of the cochlea also lack

tight junction strands and these mice exhibit deafness (Gow et al., 2004).

Claudin-14-deficient mice are deaf due to the rapid degeneration of hair cells in the cochlea. It
has been suggested that Claudin-14 is necessary for the proper ionic composition in the cochlear
fluid and a perturbation in this fluid composition causes the degeneration of the hair cells (Ben-

Yosef et al., 2003).

Claudin-15-deficient mice develop normally but have an upper small intestine that is 2 times
larger in length and diameter than wild type. Cells in the intestinal crypt have a higher

proliferation rate in Claudin-15-deficient mice than in wild type mice (Tamura et al., 2008).

Claudin-16 was knocked down in mice using RNA interference (RNAI). Claudin-16-deficient mice
show less cation selectivity than wild type animals in the thick ascending limb of the nephron

kidney (Hou et al., 2007).

Claudin-18-deficient mice develop normally. Analysis of the lung revealed no apparent lung
dysfunction, but there were differences in permeability and alveolar fluid clearance. In fact,
alveolar epithelial cells layer of Claudin-18 knock-out mice showed higher permeability to K*, Na*
and CI" and a higher alveolar fluid clearance. Claudin-3 and Claudin-4 expression was higher in the
lung epithelial cells of Claudin-18 knock-out animals compared to wild type animals while occludin
expression was decreased in knock-out mice (Li et al., 2014). Impaired alveolarization and an
increase in lung injury was also observed in 4 weeks old Claudin-18-deficient mice (LaFemina et

al., 2014).

Claudin-19-deficient mice have abnormal behaviors associated with defects in the peripheral
nervous system but not the central nervous system. Further analysis of the axons of the peripheral
nervous system revealed that although Schwann cells looked morphologically normal, they lacked

tight junctions (Miyamoto et al., 2005).
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1.4 Branching morphogenesis

Branching morphogenesis is a critical developmental process that is critical for the formation of
many organs, including the lung, kidney and mammary gland. Studying the different mechanisms
by which a single tubule forms a complex three-dimensional structure is fundamental to
understand the process of developing a functional embryo. For the purpose of this report,
branching morphogenesis is defined more specifically as all the mechanisms necessary for an
epithelial cell layer to change shape and form additional tubules. This process eventually forms a
complex branched network. Branching morphogenesis is important because many organs like the
kidney, the lung, the salivary glands and the mammary gland contain a branched epithelium. Each
organ uses different branching patterns to form its network. The salivary glands use a clefting
branching pattern: a bud will separate itself into several smaller buds by the formation of clefts
in the main bud (Patel et al., 2006). The kidney branches through multiple rounds of bifurcation

and trifurcation of a single tubule (Watanabe & Costantini, 2004).

For my project, | focus on lung branching. In the lungs, the tubules go through different types of
branching to form the mature organ: domain branching, planar bifurcation and orthogonal
bifurcation. Domain branching occurs through the formation of buds along the length of a tubule.
Planar bifurcation represents the bifurcation of a tubule on the same plane as the plane of the
previous bifurcation while orthogonal bifurcation occurs orthogonally from the previous

bifurcation.

The molecular mechanisms that control lung branching have some similarities with kidney
branching. For example, in both organs, fibroblast growth factors (FGFs) have a predominant role
and are expressed by the mesenchymal cells to initiate branching. The FGF signal activates the
mitogen-activated protein kinase (MAPK) cascade and regulates different downstream proteins
that affect diverse cellular mechanisms (Varner & Nelson, 2014). BMP4 and Wnt proteins have
major roles in both organs. However, there are several differences between the two organs that
must be considered. First, they come from different germ layers: lungs originate from the
endoderm, while the kidneys are formed from the intermediate mesoderm. The molecular
mechanisms also have differences. For example, the main factor coming from the mesenchymal
cells in the lungs is fibroblast growth factor 10 (FGF10), while for the kidney, the mesenchymal

cells release glial-derived neurotrophic factor (GDNF) (Affolter et al., 2009).
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Claudins are expressed during the branching morphogenesis of multiple organs. Claudin-3 protein
is expressed in the epithelial cells of the mouse ureteric bud, the structure that will develop into
a mature kidney. It is expressed during different period of its development including during
branching morphogenesis (Haddad et al., 2011). Also, previous results from my lab have shown
that when a subset of claudins are removed from the tight junctions of embryonic mouse kidney
explants using C-CPE, the number of terminal buds is decreased in C-CPE treated explants
compared to control without affecting the overall size of the kidney (Khairallah, 2013). In the
submandibular gland, Claudin-3 to -8, -10 and -11 proteins are expressed in the luminal epithelial
cells during the branching of the mouse submandibular gland (Hashizume et al., 2004). Claudin-
1, -3, -4, -5,-7 and -11 were also expressed in epithelial cells of the branching human salivary
glands while Claudin-2 expression was not observed (Lourencgo et al., 2007). With these data, a
guestion arises: does the expression of claudins during the early branching of several organs

indicate the necessity of claudins during the general branching morphogenesis process?
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Figure 4. Schematic of the early steps in lung branching morphogenesis.

A representation of a bronchi with the mesothelium (orange line) and the endoderm (green line).
The space between the orange and the green structures represent the mesoderm, a layer of
mesenchymal cells. The space which is surrounded by the endoderm is the luminal space. Lung
branching morphogenesis occurs by the formation of a bud caused by a change in shape of the
endoderm. The bud elongates into the mesoderm and bifurcate to form two tubules.

1.5 Lung development

In this project, the mouse and the chick were used as animal models to study lung branching
morphogenesis. To have a better overview of the steps needed to form a mature lung and to have
more details on the stages used to study lung branching morphogenesis, the general chick and

mouse lung development process are described below.
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In the mouse, the primitive lungs go through five stages to form mature lungs: the embryonic, the
pseudoglandular, the canalicular, the saccular and the alveolar stages. The lungs start developing
at embryonic day (E) 9 when a bud emerges from the primitive foregut. The bud will branch into
two structures that become the primary bronchi. Secondary buds will then form on the primary
bronchi which will elongate and bifurcate (Figure 4). The lungs will go through the
pseudoglandular stage (E13.5 to E16.5) when further branching occurs (tertiary bronchi and
bronchioli). After, the terminal bronchioli elongate during the canalicular stage (E16.5 to E18.5).
In the saccular phase (E18.5 to post-natal day (P) 0), the terminal bronchioli expand to form sacs
surrounding the capillaries. Finally, during the alveolar stage (PO to P18), alveoli are formed in the
sacs to minimize the space between the airways and the capillaries, the site of gas exchange

(Rackley & Stripp, 2012).

The beginning of avian lung development is similar to the mouse. It starts with the development
of a bud from the primitive foregut that will form the trachea. This bud elongates and branches
into two buds that will become the primary bronchi. At this step, avian lung development begins
to differentiate from what is observed in mammals. The avian bronchi branch laterally into
secondary bronchi while the mammalian bronchi are formed by a combination of lateral and
bifurcated branching. The chick does not develop alveoli, but instead, gas exchange occurs with
the capillaries through the parabronchi, a network derived from the anastomosis of the

ventrobronchi and the dorsobronchi.

The molecular mechanisms responsible for bud formation and branching is similar between the
two species (Kim et al., 2013) and both could be driven by claudins. However, some differences
in branching are observed between the two species. For example, apical constriction has been
reported during chick lung early branching morphogenesis (Kim et al., 2013). Apical constriction
is the narrowing of the apical side of the cells forming the newly formed epithelial bud. This is due
to the contraction of the fibers in the actin cytoskeleton. This mechanism, however, has not been
reported in mammalian lung branching. Unlike chick lungs, a smooth muscle actin (aSMA) has an
important role in mouse lungs branching morphogenesis. It is known to accumulate around the
newly formed bud to guide the bud into bifurcating (Kim et al., 2015). | used the chick and the
mouse as animal models to determine if claudins have a role in lung branching morphogenesis
because | would be able to observe if the role of claudins could be different depending on the

branching morphogenesis mechanism.
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1.5.1 Claudins during lung development

Multiple claudins are expressed in the lungs during its development. In the human lung, the
Claudin-1, -3, -4, -5, -7 and -18 are expressed at the pseudoglandular stage (weeks 12-16 of
gestation) and at later fetal stages (Daugherty et al., 2004, Kaarteenaho et al., 2010). Claudin-18
expression is also regulated throughout the fetal lung development. Claudin-18 expression
increases during alveolarization which, in humans, happens in the few weeks before birth and
extends until several months after birth (LaFemina et al., 2014). A recent paper from Lewis et al.
have looked at the pattern of expression of some claudins in mouse embryonic lungs. Using
immunohistochemistry on sections, they showed that Claudin-3, -5, -6 and -7 are expressed in the
epithelial cells of E12.5 mouse lungs (end of embryonic stage) while Claudin-1, -2, -4, -8 and -18
protein are not (Lewis et al., 2018). Also, overexpression of Claudin-6 in mouse lungs causes an
arrest in development at the canalicular stage (Jimenez et al., 2016). This suggests that Claudin-6
is important for the normal development of the lung. However, Claudin-6-deficient mice do not
have obvious defects in development (Anderson et al., 2008). This shows the complexity in
understanding the role of claudins during development. An imbalance in claudin expression may
cause defects while the complete elimination of a claudin may not show any phenotype due to

the recovery of the function by other claudins.

Previous work from my lab have examined the mRNA expression pattern of different claudins in
the chick lung. Using RT-PCR and in situ hybridization, they found that Claudin-1, -3 and -10 mRNA
are expressed in chick lungs during early development. More specifically, Claudin-1 was expressed
in the epithelial cells of embryonic chick lungs at E4 and E8 particularly in the bud tips (Simard et
al., 2005). Claudin-3 was expressed in the early lung bronchus at E5, E7 and E10. Stronger
expression could be seen at the tip of the buds at E7 and E10 like Claudin-1. Claudin-10 was
observed uniformly throughout the epithelial cells of the branching lung at E7 and E10 (Collins et
al., 2013). Claudin-5 was also shown to be expressed in the vasculature surrounding the early

chick lung bud at E4.5, E7 and E9 (Collins et al., 2012).

Experiments affecting claudin expression were done to study their role during lung development.
For example, Claudin-18 knock-out mouse have defects in the junctions between alveolar
epithelial type | cells which results in impaired alveolarization (LaFemina et al., 2014). Moreover,

a transgenic mouse overexpressing Claudin-6 in developing lungs lead to delays in lung
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morphogenesis. At E18.5, the transgenic mice lungs were in the early canalicular stage, while the

control mice lungs were in the saccular stage (Jimenez et al., 2016).

These results show that different claudins are expressed during lung development and that
different claudins are necessary for complete lung organogenesis. Studies also support that the
expression level of at least Claudin-6 and Claudin-18 are important factors in proper lung

development.

1.6 Hypothesis and objectives

1.6.1 Hypothesis

The goal of my project is to determine the role of claudins during lung branching morphogenesis.
Claudins play a major role in controlling paracellular flux of ions and solutes, but they are also
necessary during development. Many developmental processes are dependent on claudins. A
good example is how Claudin-3, -4 and -8 are required for neural tube closure (Baumholtz et al.,
2017). Previous results from my lab have also shown that when a subset of claudins were removed
from the tight junction of embryonic mouse kidney explants using C-CPE, a reduced number of

terminal bud tips were observed (Khairallah, 2013).

Because kidney and lungs are branched organs that have similarities in the molecular and
morphological mechanisms that give rise to the branched structure, | hypothesize that claudins
are necessary for early branching morphogenesis in the developing lung of both chick and mouse

embryos.

1.6.2 Objectives:

1. Determine which claudins are expressed in the chick embryonic lungs during early branching
morphogenesis.

2. Determine if C-CPE-sensitive claudins are required for branching morphogenesis in ex vivo
cultured chick and mouse embryonic lungs.

32



CHAPTER 2: Materials and methods

2.1 Embryonic lung collection

Chick embryos were collected by incubating fertilized chicken eggs (Ferme GMS, Saint-Roch-de-
I'Achigan, Québec) for the desired time (four days, five day or six days) at 39°C in an egg turner
cabinet incubator (Brinsea). Scissors were used to cut a hole at the top of the egg and the embryo
was removed with a holed spoon. Mouse embryos of the desired stage (E11 or E12.5) were
collected from timed-pregnant CD1 female mice (Charles River Laboratory). Embryos were

handled according to the Canadian Council on Animal Care guidelines.

Chick and mouse lung explants were collected by dissecting the embryos in phosphate-buffered
saline (PBS) with 1% of penicillin and streptomycin. The head and the tail of the embryo were
removed with forceps. The embryo was then cut longitudinally to take out its back. The heart was
dissected out and the lungs were retrieved on the dorsal side of the heart. The oesophagus was
then separated from the lungs and trachea, but to avoid damage to the lungs due to its fragility,

the oesophagus was not removed from dissected E4 chick lungs.

2.2 Whole mount in situ hybridization

The cDNA sequences of the different claudin genes were cloned into pSC-A. The plasmids were
linearized with an appropriate restriction enzyme (Table 1). If possible, an enzyme which does not
produce a 3’ overhang was chosen. To prepare the riboprobes, the gene transcription reaction
was performed using 2 ul of 10x transcription buffer, 2 pl of 100 mM dithiothreitol (DTT), 0.5 pl
of RNaseOUT™ (Thermo Fisher Scientific), 2 ul of 10x DIG RNA Labeling mix (Roche), 1 ug of
linearized DNA and 1 pl of RNA polymerase (T3, T7 or SP6, see Table 1). RNase free water was
added to reach 20 pl. This was incubated in a 37°C water bath for 2 hours. 1 pl of Rnase-free
DNase (Promega) was added to the mix and it was incubated 10 minutes at 37°C. To precipitate
RNA, 1 pl of 0.5 M of ethylenediaminetetraacetic acid (EDTA), 1.3 ul of lithium chloride (LiCl) and
55 ul of 100% ethanol was added to solution. This was incubated an hour at -80°C. It was then
centrifuged at 4°C with a speed of 13,000 rpm for 30 minutes. The supernatant was discarded,
and the pellet was left under the hood until it was dry. It was then resuspended in 20 pul of 0.1 M

DTT and added to the hybridization solution. Hybridization solution consists of 50% formamide,
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5x saline sodium citrate buffer (SSC) pH 5, 50 pg/ml yeast tRNA, 1% sodium dodecyl sulfate (SDS)
and 50 pg/ml heparin. The amount of hybridization solution to add to the riboprobe is determined
by running 1 ul of the ribroprobe in 1% agarose gel against a solution with a known concentration

to have a final concentration of approximately 1 pg/ml. The riboprobe was stored at -20°.

Collected embryonic chick lungs were fixed in 4% paraformaldehyde (PFA) in PBS for 12 minutes
in ice. The samples were dehydrated by putting them in 10-minute washes of methanol:PBT
solution with increasing concentration (1:3, 1:1, 3:1). It was then washed 10 minutes in 100%
methanol. At this step, the samples could be stored at -20°C. The lungs were then rehydrated in
10-minute washes of methanol:PBT solution (3:1, 1:1, 1:3). They were put in two 5-minute washes
of PBT. The samples were treated with a solution of 10 pg/ml proteinase K in PBT for a minute.
The proteinase K solution was removed, and the samples were washed quickly with fresh solution
of glycine in PBT (0.1 g of glycine in 50 ml of PBT). The glycine solution was replaced, and it was
washed five minutes. The samples were fixed in 4% PFA plus glutaraldehyde (0.2% glutaraldehyde
in PFA 4%) for 20 minutes on ice. They were then washed two times in PBT for 5 minutes at room
temperature. After, the samples were washed five minutes in hybridization solution at room
temperature. The solution was replaced by fresh hybridization solution and the samples were put
in a 65°C water bath for an hour. The hybridization solution was replaced by the DIG labeled
antisense or sense riboprobe and left overnight in the 65°C water bath. The samples were washed
three times for 20 minutes at 65°C in a solution consisting of 50% formamide, 5x SSC pH 5 and 1%
SDS in double-distilled water. After, they were washed three times for 20 minutes at 65°C with a
solution of 50% formamide and 2x SSC pH 5 in double distilled water. Tris buffered saline solution
plus Tween-20 (TBST) was used with the addition of 2mM of levamisole to wash the samples three
times 10 minutes at room temperature. TBST consists of 140 mM of NaCl, 3 mM of KCI, 3 mM of
Tris-HCl pH 7.5 and 0.1% of Tween-20. The samples were incubated in a blocking solution of 10%
normal sheep serum in TBST for one to two hours at room temperature. During this time, the
antibody mix was prepared. 0.0375 g of chick embryo powder was incubated in 6.25 ml of TBST
for 30 minutes at 65°C. The solution was then put on ice. 62.5 pl of normal sheep serum and a
1:2000 dilution of adigoxigenin antibody were added to the chick embryo powder and TBST
solution. It was put to rock at 4°C for an hour. The solution was then centrifuged at 13,000 rpm at
4°C for 10 minutes and the supernatant was transferred into another tube. The antibody mix was
completed by adding 18.75 ml of TBST and 187.5 pul of normal sheep serum to the supernatant.

The blocking solution was removed from the samples and replaced by antibody mix. They were
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left rocking at 4°C overnight. The samples were washed three times for five minutes in TBST plus
2 mM of levamisole at room temperature. The levamisole must be added right before the first
wash. Using fresh TBST plus levamisole solution, the samples were washed five times for an hour
at room temperature. After, they were washed three times 10 minutes in NTMT (0.1 M NaCl, 0.1
M Tris-HCl pH 7.5,50 mM MgCl, and 0.1% Tween-20). Coloring was performed by putting 2.5 ul of
bromo-chloro-indolyl-phosphate (BCIP) and 2.5 ul of nitro blue tetrazolium (NBT) in 1 ml of NTMT.
This solution was put on the samples and they were left soaking until specific purple staining was

observed. The lungs were then photographed using the Zeiss SteREO Discovery.V8 microscope.

cDNA insert Plasmid vector Restriction enzyme RNA Polymerase
Chick Claudin-1 pBluescript KS Notl T3
Chick Claudin-3 pBluescript KS Xhol T7
Chick Claudin-4 pCanHA3 BamHI Sp6
Chick Claudin-5 pSC-A vector Xbal T3
Chick Claudin-8 pSC-A vector BamHI T3
Chick Claudin-10 pSC-A vector BamHI T3
Chick Claudin-14 pSC-A vector BamHI T3

Table 1. Restriction enzyme and RNA polymerase for the generation of chick Claudin antisense
riboprobes.

2.3 Paraffin sections

The chick lung samples that were colored using in situ hybridization were washed three times in
PBT for 10 minutes. They were then put in several washes of incremental concentration of ethanol
in PBS (50%, 75%, 95%, 100%) for 30 minutes. They were washed a second time in 100% ethanol
and put in xylene for two washes of 30 minutes. The samples were put in plastic molds and were
covered with melted paraffin. They were then put in an airtight oven linked to a vacuum pump
which was turned on for an hour to have an internal pressure of 15 kPa. After, the paraffin-
embedded tissues were transferred to another plastic mold and were covered with fresh melted
paraffin. They were put in the desired orientation (frontal or transverse). The molds were left at
room temparature until the paraffin was completely solidified. The blocks were taken out of the
mold and the base of the block was melted on a hotplate and mounted on a microtome plastic
cassette. A sheet of aluminum foil was folded around the cassette to form a small recipient where

melted paraffin was poured to fix the paraffin block to the cassette. The cassette was left at room
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temperature until the paraffin was completely solid. The cassette was then mounted on the
microtome by removing the aluminum foil and the excess of paraffin. The samples were sectioned
at 7 um for the samples placed in a transverse orientation and 10 um for samples placed in a
frontal orientation. The sections were then put in a 40°C water bath so they can spread out and
mounted on Fisherbrand Superfrost Plus microscope slides. The slides were left on a slide warmer
overnight. The slides are then washed two times for five minutes in xylene. The slides are then
quickly dried. A drop of Permount is added on the slides and they are quickly covered with a glass

coverslip. The sections were imaged using the Leica DFC450 C camera.

2.4 Cryosections

Collected chick lung samples were fixed 12 minutes at 4°Cin a solution of 10% trichloroacetic acid
(TCA) in PBS. They were then washed in a solution of 15% sucrose in PBS for an hour at room
temperature (RT) and in a solution of 30% sucrose in PBS overnight at 4°C. After, they were
washed an hour at room temperature in a solution of optimal cutting temperature (OCT)
compound and 30% sucrose in PBS at a ratio of 1:1. The lungs were then placed at the bottom of
a plastic mold and were covered with OCT compound. The samples were placed in the desired
orientation. The molds were put in a bath of 100% ethanol with dry ice until the OCT compound
was completely frozen. The blocks were stored at -80°C until they were sectioned with a cryostat
microtome. Sections of different thickness were used. Transverse sections had a thickness of 10

um and frontal sections had a thickness of 7 um.

2.5 Immunofluorescence on cryosections

Immunofluorescence were performed on frontal and transverse lung cryosections. Transverse
cryosections were obtained by sectioning along the length of the lung, from the most distal part
to the trachea. Chick lung cryosections were blocked an hour at room temperature with 10%
normal goat serum (NGS) in PBS containing 0.3% triton. The sections that were stained with
Claudin-14 antibody were blocked using 10% bovine serum albumin (BSA) in PBS containing 0.3%

triton. After, they were stained overnight at 4°C with a combination of different primary
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antibodies with 5% NGS in PBS containing 0.3% triton: ZO-1 (Invitrogen, mouse aZ01, 1:100),
Claudin-3 (Abcam, Rabbit aClaudin-3, 1:100), Claudin-4 (Invitrogen, rabbit aClaudin-4, 1:100),
Claudin-5 (Spring, Rabbit aClaudin-5, 1:100), Claudin-8 (Invitrogen, rabbit aClaudin-8, 1:100),
Claudin-10 (Invitrogen, Rabbit aClaudin-10, 1:100), Claudin-14 (Sigma, goat aClaudin-14, 1:100),
CPE (AbD Serotec, rabbit aCPE, 1:100). The sections were washed with PBS and stained with
secondary antibodies in PBS containing 0.3% triton: Alexa Fluor 488 (Invitrogen, goat arabbit or
rabbit agoat, 1:500), Alexa Fluor 555 (Invitrogen, goat amouse, 1:500), Alexa Fluor 647
(Invitrogen, goat amouse, 1:500). The sections were coverslipped with SlowFade™ Gold Antifade
Mountant with DAPI and put at 4°C. They were then imaged using the Zeiss LSM880 Laser

Scanning Confocal microscope.

2.6 GST-C-CPE and GST protein production

Plasmid pET-14b containing the GST or GST-C-CPE construct were thawed on ice. We transform
these plasmids into E. coli cells of the BL21 strain. An eppendorf of the BL21 competent cells were
also thawed on ice. The cells were resuspended by gentle flicking. 45 ul of cells were combined
with 100 ng of plasmid in a 15 ml snap cap tube and this was put on ice for 30 minutes. A heat
shock was then administered to the cells to create pores that will allow the plasmids to enter the
cytoplasm. This was done by putting the eppendorf in a 42°C water bath for 45 seconds. The tube
was then put back on ice for two minutes. 250 pl of warm LB media was added and the tube was
put in a shaker at 37°C with a speed of 250 rotations per minute (rpm) for an hour to an hour and

a half.

During this time, a bottle of premixed LB media with agar-agar was put in the microwave at med-
low power until the agar was completely melted. The bottle was then left unattended until its
temperature was cold enough to be manipulated again. Ampicillin and chloramphenicol was then
added to the solution at a concentration of 50 ug/ml and 34 pug/ml respectively. The bottle was
shook and the LB-agar was poured in petri dishes. Around 15-20 ml of LB-agar was put per petri
dish. The dished were left at room temperature until they solidified. Using a Bunsen burner to
create an aseptic environment, 30 and 75 ul of the transformed cells were added to two LB-agar
plates. The cells were then spread across the plate using a glass pasteur pipette curved by the

flame. The plates were left to dry for 15 minutes and then put upside down in an incubator at
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37°C for 12-16 hours. After, the plate was taken out of the incubator and a colony was picked
using a toothpick or a pipette tip. The tip was put in a snap cap tube containing 4 to 5 ml of LB
media with 50 pg/ml of ampicillin and chloramphenicol. The tube was put in the shaker at 37°C

with a speed of 250 rpm for 12 to 16 hours.

The content of the tube was put in a 2 liters flask containing 400 ml of LB, 50 pg/ml of ampicillin
and 34 pg/ml of chloramphenicol. 1 ml of LB alone was kept as a blank control for
spectrophotometry. The flask was put 2 hours in the shaker at 37°C with a speed of 250 rpm. The
absorbance of the cultures was determined using spectrophotometry. 1 ml of media was putin a
plastic cuvette. A photospectrometer was used to check the absorbance at a wavelength of 595
nm. If the absorbance was lower than 0.4, the flask was put back in the shaker for 15 minutes
until the absorbance was 0.4 or higher. When the desired absorbance was reached, the content
of the flask was induced by adding 0.1 mM of IPTG. The flask was put in the shaker for 12-16 hours
at 20°C for the GST-C-CPE protein or 37°C for the GST protein. The cell culture was poured in two
centrifuge cone tubes (200 ml each) and their weight were equalized using a balance. They were
centrifuged at a speed of 4000 rpm and a temperature of 4°C for 15 minutes. The supernatant
was removed and the precipitation was resuspended in 10-20 ml of LB. The content of both
bottles were put in a 50 ml tube and it was centrifuged at 3000 rpm for 15 minutes at 4°C using a
50 ml tube filled with water to equalize. The tube was then stored in the -80°C freezer until

purification.

To purify the proteins, the protein pellet was thawed in ice. During this time, the sodium chloride-
tris-ethylenediaminetetraacetic acid (STE) buffer was made. STE buffer consists of 150 mM NaCl,
1 mM EDTA and 10 mM Tris-HCI pH 8 in double-distilled water. 50 ml of the STE buffer was taken
and mixed with different protease inhibitors: aprotinin (1:10,000), leupeptin (1:10,000), pepstatin
A (1:10,000) and phenylmethylsulfonyl fluoride (PMSF) (57 U/ml). 20 ml of buffer containing the
protease inhibitors was added to the protein pellet and resuspended slowly with a plastic transfer
pipette. Lysozyme (100 pg/ml) was added to the tube and it was left on ice for five minutes. The
sample was then transferred to a small centrifuge tube and sonicated three times 30 seconds with
a waiting time of a minute between each sonicating period. The samples were always kept on ice.
To sterilize the sonicator, it was put in a solution of 75% ethanol and then put in water between
every period of sonication. The tubes were balanced and centrifuged for 15 minutes at 15,000

rom. Next, the supernatant was put in a 50 ml tube. The purification beads were prepared by
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taking 200 ul of 50% slurry (a mixture of beads and 80% ethanol) and washing them three times
in STE buffer. Before removing the last STE wash, the mixture was centrifuged at 500 rpm for a
minute. The STE was replaced by fresh STE until it reached a volume of 1 ml and the beads were
resuspended gently. They were added to the tube containing the supernatant. It was then left
rocking at 4°C overnight with parafilm around the cap to avoid leaks. The tube was then balanced
and centrifuged for five minutes at 500 rpm. 15 ml of the supernatant was taken out and kept in
a 15 ml tube labeled as unbound product. The rest of the supernatant was disposed. STE was
added to the beads until it reached 10 ml and was transferred to a 15 ml tube. The previous 50
ml tubes were kept. The beads were incubated in ice for 10 minutes. During this time, the
glutathion stock and the elution buffer was prepared. The tube with beads was balanced and
centrifuged for 5 minutes at 500 rpm. The supernatant was discarded. 5 ml of STE was added in
the previous 50 ml tube to collect the leftover beads on the tube wall and was then added to the
15 ml tube containing the beads. This tube was then balanced and centrifuge again at 500 rpm
for 5 minutes. The high and low pH buffers were prepared. The supernatant was discarded. 10
eppendorf tubes were labeled as E1 to E10. A purification column was prepared by breaking the
tip and by pipetting STE buffer in it until liquid was dropping from the bottom of the column. The
column was put in a clean eppendorf and the samples containing the beads were put drop by
drop in the column. The tube that was containing the beads was washed with STE to retrieve the
rest of the beads and they were transferred to the column. The beads were washed 3 times with
STE by letting it fully flow out of the columns. Elution buffer was added to the beads and was left
incubating at room temperature for 1 hour with the cap on the column. The column was then put
in the E1 eppendorf tube and the drops were collected by changing eppendorf tube whenever a
volume of 500 pl was reached. To check if the eluted product contained proteins, a Bradford assay
was done. 1 ml of Bradford reagent solution (1:5 dilution in double-distilled water) was put in a
photospectrometry cuvette and 1 ul of sample was added and mixed by swirling gently the
cuvette. This was done for the first 5 eppendorfs (E1 to E5). If no protein was detected by seeing
a change of color from brown to blue, the other 5 eppendorfs were assayed. Absorbance was then
measured using a spectrophotometer at a wavelength of 595 nm. The eppendorfs which had an
absorbance measure higher than 0.2 were mixed together. 6 liters of PBS were prepared and put
at 4°C until cold. A dialysis cassette (Qiagen) was put in a foam holder and in the cold PBS for 3
minutes. With a syringe, the protein product transferred from the eppendorf to the cassette by

making sure that no air was left in the cassette. It was then put in the cold PBS with a magnetic
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stirrer and left overnight. The PBS was replaced by fresh PBS after 2 hours and the next morning.
The product was collected with a syringe and aliquoted in eppendorf tubes. These were stored at
-80°C. A Bradford assay was performed to determine protein concentration and it was confirmed
by running a certain volume of the protein solution with different volumes of BSA solution with a
known concentration. To restore beads, they were washed three times with high and low pH
buffers consecutively, wash in PBS and store in a solution of 70% ethanol in PBS. High and low pH

buffers consist of 0.1 M Tris-HCl and 0.5 M NaCl with an adjusted pH of 8.5 and 4.5 respectively.

2.7 Chick and mouse embryonic lung explants culture

E5 chick lungs and E12.5 mouse lungs were dissected and put on a track-etched polyethylene
terephthalate membrane (Corning™ Falcon™ Cell Culture Inserts) in a 6-well plate. DMEM/F12
media was added in the well with 1% streptomycin and penicillin and 10% fetal bovine serum
(FBS) for the mouse lungs or 5% FBS and 5% chicken serum for the chick lungs. Treatments were
administered to the lung by adding PBS (no treatment) or different concentrations of GST or GST-
C-CPE directly to the media. We are using a C-CPE protein fused with a GST tag for purification
purposes. To ensure that the effects seen in the GST-C-CPE treated samples are attributed to C-
CPE, we perform a second control group which is treated with GST-only at the same molarity as

the GST-C-CPE treated group.

The plate was put in a humidified incubator with 5% CO, and 10% O,. The lungs were cultured for
up to 72 hours and the culture dish was removed from the incubator to take pictures at time O

and every 24 hours.

2.8 Chick lung measurements

The airway perimeter was measured by outlining the epithelial cells of the airway structures every
24 hours using Imagel. Using the perimeter and ImageJ, the lumen area was also measured. This
was done 3 times per picture and an average of the 3 areas was kept. This was measured blindly.

The buds were also counted every 24 hours, and this was also done blindly.
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2.9 Statistical analyses

To determine significance, statistical analyses were performed on the chick lung measurements.
Graphs and statistical tests were done using GraphPad Prism. The Shapiro-Wilk test was used to
test normality of the measurements. To determine if two groups are significantly different from
each other, one-way ANOVA with Tukey’s Multiple Comparison test was used. The data was

presented with the standard deviation from the mean and significance level of 0.05 was used.

2.10 Whole mount immunofluorescence

Mouse lungs were removed from the membrane after culture and fixed for 12 minutes at 4°C with
10% TCA in PBS. They were washed three times for five minutes in PBS and then blocked for an
hour at room temperature with 10% NGS in PBS containing 0.3% triton. They were stained
overnight at 4°C with a combination of different primary antibodies with 5% NGS in PBS containing
0.3% triton: ZO-1 (Invitrogen, mouse aZ01, 1:100) and Claudin-3 (Spring, Rabbit aCldn3, 1:100).
They were washed with PBS and stained with secondary antibodies in PBS containing 0.3% triton:
Alexa Fluor 488 (Invitrogen, goat arabbit, 1:500), Alexa Fluor 555 (Invitrogen, goat amouse,
1:500). The explants were put in SlowFade™ Gold Antifade Mountant with DAPI (Invitrogen)
overnight at 4°C. They were then fixed 12 minutes in 4% PFA at 4°C and washed for 30 minutes in
a solution of methanol and PBS at increasing concentration (50%, 75%, 95%, 100%). The lungs
were placed on a slide surrounded by a Secure-Seal™ Spacer (one well, 13 mm diameter, 0.12 mm
deep; Invitrogen™). A drop of a solution of benzyl alcohol and benzyl benzoate (2:1) was put on
the lungs. They were then coverslipped and stored at 4°C. Pictures were taken using the Zeiss

LSM880 Laser Scanning Confocal microscope.
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CHAPTER 3: Results

3.1 Analysis of claudin expression during chick lung branching morphogenesis

Previous studies from my lab looked at claudin expression patterns during chick embryogenesis.
Data from RT-PCR and in situ hybridization analyses showed that Claudin-1, Claudin-3 and Claudin-
10 mRNA are expressed in chick lungs during early development (Simard et al., 2005, Collins et
al., 2013). However, the focus of these experiments was not lung development and, consequently,
important timepoints during chick lung branching were not considered and in situ hybridization
was only performed on whole embryos, which can limit the resolution of detection. In the paper
by Collins et al. (2013), claudin mRNA expression, with the exception of Claudin-1 and -5 was
studied in the lung at E5, E7 and E10. No complete expression of the first stages of the chick lung
branching morphogenesis was done. Also, in these previous studies, protein expression was not
assayed, which is necessary to show that not only is the mRNA is synthesized, but the protein is
also produced. Therefore, to fully characterize claudin mRNA and protein expression during early
chick lung branching morphogenesis, | used in situ hybridization and immunofluorescence
analyses to examine expression of Claudin-3, -4, -8 and -14, which are sensitive to C-CPE. In
addition, | examined Claudin-1 and -10 mRNA expression, which are expressed during the
development of the kidney, another branched organ. Claudin-5 expression was also examined
because it has been shown to be located in the chick embryo vasculature (Collins et al., 2012).
mRNA and protein expression were analyzed at E4, ES and E6. The first buds appear between E4
and E5 and they branch and expand between E5 and E6. E5 is also the stage when lung explants
will be treated with C-CPE for Objective 2. In situ hybridization was performed on whole mount
embryonic chick lungs, which were then embedded in paraffin and sectioned.
Immunofluorescence of Claudin-1, -3, -4, -5, -8, -10 and -14 was performed on transverse

cryosections.

3.1.1 Claudin mRNA expression

In E4 chick lungs, Claudin-1 mRNA was expressed in the epithelial cells along the trachea and the
bronchi (Figure 5 A). At E5 and E6, it was expressed along the epithelial cells of the trachea, the

primary bronchi and the secondary bronchi buds. (Figure 5 B, B’ and C).

Like Claudin-1, Claudin-3 mRNA was observed in the epithelial cells along the trachea and the

bronchi of E4 lung (Figure 5 D). At E5 and E6, it was expressed along the epithelial cells of the
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trachea, the primary bronchi and the secondary bronchi buds. In E6 lungs, expression appeared

to be highest in the secondary bronchi buds (Figure 5 E, E’ and F).

Claudin-4 mRNA expression was seen in some epithelial cells of E4 (Figure 5 G and G’) and E5 lungs
(Figure 5 H and H’). In E6 lungs, staining was also seen (Figure 5 | and I’), but the majority of this
staining appeared to be caused by trapping (Figure 5 I, red arrowhead) and edge effect (Figure 5
I’, black arrowhead). When in situ hybridization using a sense probe was performed, a similar
staining pattern was observed in chick lungs. This means that the Cldn4 mRNA expression pattern

observed in this experiment may not be specific (Figure 5V and V’).

Claudin-5 mRNA was not expressed in the epithelial cells of E4, E5 and E6 chick lungs (Figure 5 J,
K, K" and L). However, Claudin-5 mRNA was expressed in the endothelial cells of the blood vessels

at E4, E5 and E6. (Figure 5 K’).

Claudin-8 mRNA was not observed in the buds or in the epithelial cells in any studied stage (Figure

5M, N, N’ and O).

Claudin-10 mRNA was expressed throughout the epithelial cells of the trachea and the bronchi in
E4 lungs. At E5 and E6 lungs, it was expressed in the epithelial cells of the trachea, the bronchi

and the buds (Figure 5 P, Q, Q" and R).

Claudin-14 mRNA was not expressed in E4 lungs (Figure 5 S, T, U and U’). Whole mount in situ
shows staining in E5 and E6 lungs. However, after sectioning, the staining was revealed to be
different than the cytoplasmic staining seen in samples stained with Claudin-1, -3 and -10 probes.
Staining was seen inside the lumen and at the apical side of the epithelial cells suggesting that it

was caused by trapping and edge effects.

Claudin-1, -3 and -10 mRNA expression were observed in the esophagus (Figure 5A,B,C, F, P, Q
and R). This is interesting because like the lungs, the esophagus derives from the primitive gut, at

the foregut domain.
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Figure 5. Analysis of Claudin expression in E4-E6 chick lungs.

Whole mount in situ hybridization method was used to assess expression of Claudin-1 (A-C), -3
(D-F), -4 (G-1), -5 (J-L), -8 (M-0), -10 (P-R) and -14 in E4, E5 and E6 chick lungs. Frontal sections
were obtained for samples B, E, G, H, I, N, Q and U (B’, E’, G/, H’, I'’, N, Q" and U’). Transverse
section at the dotted line of sample K was obtained (K’). Whole mount in situ hybridization was
also performed using a Cldn8 sense probe to test specificity (V) Frontal sections were also
obtained (V’). Abbreviations: es, esophagus; Ib, lung bud; br, bronchi; tr, trachea. Scale bars : A-
U, 1mm; E, G, H,I', K, N and U’, 100 um; B’ and Q’, 750 um.

3.1.2 Claudin protein expression

Similar to the mRNA expression, Claudin-1 protein is expressed at the apical surface of all E4 lung
epithelial cells including the bronchi and the trachea. It is also colocalized with ZO-1 (Figure 6). In
E5 lungs, Claudin-1 was expressed on the apical side of all the epithelial cells of the primary
bronchi and the trachea but not in the cells of the secondary bronchi bud. (Figure 6). In E6 lungs,
Claudin-1 protein was observed on the apical surface of epithelial cells, but it had a more punctate
pattern of expression than in E4 and E5 and it was not seen in the cells of the secondary structures
that branch from the primary bronchi. However, this diffuse weak staining may not be specific.
Similar diffuse expression was seen in the negative control, which was secondary antibody alone

(Figure 9).

At the E4 timepoint, Claudin-3 protein expression corresponded to its mMRNA expression. It was
expressed at the apical surface of the epithelial cells of the bronchi and the trachea colocalizing
with ZO-1 (Figure 6). In E5 lungs, protein expression was also seen at the apical surface of all
epithelial cells, but it had a more punctate pattern. Contrary to Claudin-1 expression, there was
no difference in expression between primary bronchi and secondary bronchi buds. In E6 lungs,
the Claudin-3 protein expression pattern was similar to E5 lungs and, in contradiction to what was
seen in Claudin-3 mRNA expression, there was no obvious expression difference between the

primary bronchi and the secondary structures (Figure 6).

Although | observed a limited amount Claudin-4 mRNA expression, immunofluorescence analysis
of E4 lungs revealed Claudin-4 protein expression on the apical side of all epithelial cells
colocalizing with ZO-1. In E5 and E6, its expression was more diffused with less clear staining
observed. Less colocalization with ZO-1 was observed (Figure 7). This staining may not be specific

based on the diffuse weak signal seen also in the no primary antibody control (Figure 9). Protein
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expression in E5 and E6 corresponds to mRNA data that showed Claudin-4 mRNA expression in

some epithelial cells.

Contrary to the mRNA, Claudin-5 protein was expressed in the epithelial structures. In E4 lungs,
Claudin-5 protein was expressed at the apical surface of the epithelial cells of the bronchi and the
trachea colocalizing with ZO-1 (Figure 7). In E5 lungs, protein expression was also seen at the
apical side of epithelial cells, but like Claudin-1, expression was stronger in primary bronchi than
in secondary bronchi buds. This was also observed in E6 lungs where Claudin-5 protein was
expressed at the apical side of every epithelial cells, but its expression appeared stronger in
primary bronchi than in secondary structures (Figure 7). Claudin-5 expression was also observed
in endothelial cells of the blood vessels surrounding the epithelial structures in all studied stages.

E6 lungs showed less endothelial structures than in E4 and E5. (Figure 10, red arrowheads).

Like its mRNA expression, Claudin-8 protein was not detected in the lung epithelial cells at E4
(Figure 8). Faint expression was detected in E5 and E6 lungs, but similar signal was also seen in

the no primary antibody control suggesting the signal is not specific for Claudin-8 (Figure 9).

Correlating with its mRNA expression, Claudin-10 protein was expressed on the apical side of the
epithelial cells in the bronchi, the secondary buds and the trachea of E4 lungs (Figure 8). The
expression pattern is punctate, following ZO-1 expression only at specific places. In E5 lungs,
Claudin-10 protein expression was seen colocalizing with ZO-1. In E6 lungs, faint expression was

observed at the apical side of epithelial cells (Figure 8).

Contrary to mRNA expression, Claudin-14 immunofluorescence showed protein expression at the
apical side of all epithelial cells in E5 chick lungs colocalizing with ZO-1. Claudin-14
immunofluorescence in E5 lungs showed stronger staining in the primary bronchi than in the
secondary bronchi buds. In E6 lungs, really faint Claudin-14 protein expression was observed at

the apical side of epithelial cells (Figure 9).
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Figure 6. Characterization of Claudin-1 and -3 expression in branching chick lungs.

Immunofluorescence targeting Claudin-1 and -3 (green) and ZO-1 (red) was performed on 10 um
cryosections of E4, E5 and E6 chick lungs and tracheas. These sections were imaged using a
confocal microscope. Scale bars: 200 um in the 20x column and 10 um in the other columns.

Asterisk: secondary bronchi.
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Figure 7. Characterization of Claudin-4 and-5 expression in branching chick lungs.

Immunofluorescence targeting Claudin-5, -8 and -10 (green) and ZO-1 (red) was performed on 10
um cryosections of E4, E5 and E6 chick lungs and tracheas. These sections were imaged using a

Cldn4

Cldn5

-

confocal microscope. Scale bars: 200 um in the 20x column and 10 um in the other columns.
Asterisk: secondary bronchi.
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Figure 8. Characterization of Claudin-8 and-10 expression in branching chick lungs.

Immunofluorescence targeting Claudin-5, -8 and -10 (green) and ZO-1 (red) was performed on 10
um cryosections of E4, E5 and E6 chick lungs and tracheas. These sections were imaged using a
confocal microscope. Scale bars: 200 um in the 20x column and 10 um in the other columns.

Asterisk: secondary bronchi.
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Figure 9. Characterization of Claudin-14 in branching chick lungs and no primary control.
Immunofluorescence targeting Claudin-14 (green) and Z0O-1 (red) was performed on 10 um
cryosections of E5 and E6 chick lungs, and E5 tracheas. No primary control was also done on 10
pum cryosections of E4, E5 and E6 chick lungs. Sections were imaged using a confocal microscope.
Scale bars: 200 pum in the 20x column and 10 um in the other columns. Asterisk: secondary
bronchi.
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Figure 10. Characterization of Claudin-5 expression in epithelial and endothelial cells of
branching chick lungs.

Immunofluorescence targeting Claudin-5 (green) was performed on 10 um cryosections of E4, E5
and E6 chick lungs. Expression was observed in epithelial and endothelial cells (red arrowheads)
of E4, E5 and E6 chick lungs. Less structures were seen in E6 chick lungs. Scale bars: 50 um.

MRNA expression Protein expression
Claudins E4 E5 E6 E4 E5 E6
Cldn1 + + + + + +
Cldn3 + + + + + +
Cldn4 - - - + + -
Cldn5 * * * +* +* +*
Cldn8 - - - - - -
Cldn10 + + + + + -
Cldn14 - - - n/a + -

-, absent expression; +, positive expression; *, expression in endothelial cells; n/a, no data available yet.
Table 2. Summary of mRNA and protein expression for a subset of claudins in the chick lung at
E4, E5 and E6.

3.2 Establishing conditions to grow embryonic chick lungs ex vivo.

To study the role of claudins in chick and mouse lung branching morphogenesis, we chose to use
ex vivo lung explant culture for several reasons. This technique allows us to have total control on
the culture conditions. We can determine the effect of changing a variable on the development
of the organ. Also, ex vivo culture permits the monitoring of the organ continuously, enabling us

to do live imaging and to study its development in detail. The culture of embryonic lung explants
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gives the organ a more flattened appearance allowing us to see the formation of all the terminal
branch points on the same focal plane making it easier to observe the phenotype. Many studies
have been performed using lung explant culture. For example, FGF signaling during chick lung
development was studied by inhibiting different pathway members in an ex vivo cultured
embryonic lung (Moura et al., 2011). Obviously, the main disadvantages of this method are that
it can be used only for a limited time (up to 4-5 days) and the rate of development is greatly

diminished. In vivo studies should also be used to complete and confirm the findings.

To study chick lung branching morphogenesis, the conditions for ex vivo culture of chick lungs
were established. After reviewing the literature, we adapted an ex vivo protocol to culture kidney
explants and applied this to chick lung explants. To have the optimal chick lung growth, different
conditions and materials were tested. First, | compared two compositions of sera to culture
embryonic chick lung explants: 10% fetal bovine serum or a mix of 5% fetal bovine serum and 5%
chicken serum. The lungs cultured with these two conditions grew similarly (Figure 11). | chose to
culture chick lungs with a combination of fetal bovine serum and chicken serum based on a paper

by Moura et al. (2011).

Next, | determined which stage was the best to culture chick and mouse lungs and to study their
branching patterns. For the culture experiments, | wanted to choose a stage that was not too early
so that the lungs would grow and branch, but not so late that the explants were already very
branched, which would make it more challenging to discern differences in branching patterns
between controls and treated lungs. | compared the culture of E4 to E5 chick lungs, which are the
two first days of the lung branching morphogenesis. E5 chick lung explants grew much better and
formed more complex structures than E4 chick lung explants (Figure 12). | concluded that E5 was

the most optimal timepoint to explant lungs into culture and observe branching patterns.

| also compared membrane inserts with two different pore sizes: 8 and 0.7 um. | observed that
chick lung explants cultured on a membrane insert with a pore size of 8 um exhibited an improved

growth when compared to chick lung explants cultured on 0.7 um inserts (Figure 13).
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24h 48h 72h

5% CS and 5% FBS

10% FBS

Figure 11. Chick lung explants cultured with 5% chicken serum and 5% FBS or 10% FBS grow
similarly.

ES5 chick lungs were cultured with 5 chicken serum (CS) and 5% fetal bovine serum (FBS) or with
10% FBS on 8 um pore filter for 72h. Pictures were taken every 24h.

To determine the optimal way to treat lung explants with C-CPE, different methods were tested.
First, agarose beads soaked in GST or GST-C-CPE were put on the lung explants and these were
cultured for 72h on an insert (Figure 14). The advantage of this technique was that the control
could be done on the same lung, with one bronchi having a GST-soaked bead and the other a GST-
C-CPE soaked bead. Unfortunately, the amount of C-CPE captured and released by the bead
cannot be measured precisely and the physical presence of the bead can also affect branching by
blocking the growth of the lung structures. The precision of the beads’ position and the bead size
were also factors. The control and the treated beads could not be placed exactly at the same
position, making it hard to compare both sides. C-CPE injection was also tried in the lung explants
through the trachea. This method was used because the reagent was certainly localized inside the
explant’s lumen, where it would target the claudins. Unfortunately, only a few had the C-CPE
reaching all the bronchi. In the other explants, C-CPE would get stuck in the trachea or the needle
would perforate the lumen. Because of the very low percentage of C-CPE-injected explants,

adding C-CPE directly in the media was used in the subsequent experiments.
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Figure 12. Cultured E5 chick lung explants have a more complex structure than E4 lungs.
E4 and E5 chick lungs were cultured simultaneously on 8 um pore filter for 48 hours. Pictures
were taken every 24 hours.
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Figure 13. Chick lung explants exhibited improved growth when cultured on inserts with 8 um
pore filters than on those with 0.7 um pores.

E5 chick lungs were grown on 8 um or 0.7 um pore filters for 72 hours. Pictures were taken every
24 hours. Scale bars: 1 mm.
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Figure 14. C-CPE-soaked beads do not affect primary branching in explant cultures of chick
lungs.

GST and GST-C-CPE-soaked beads were placed on E5 chick lung and cultured 72h on 8 um pore
filters. GST-soaked beads were positioned on the left bronchi while GST-C-CPE-soaked beads were
on the right bronchi. Pictures were taken every 24 hours.

To improve the relevance of the comparison between C-CPE-treated explants and controls, other
ways to culture the lungs were tested. Lung explants were cut in half to have one bronchi cultured
on media treated with GST and one bronchi cultured on media treated with GST-C-CPE. This would
allow a more significant comparison between treated explants and controls. The half-lungs grew
and branched, but there were differences between the two halves when cultured with the same
non-treated media. For example, after 72 hours of culture the second most proximal bud of the
second half explant is more developed than in the first half (Figure 15, black arrowheads). This
difference suggested that it might not be a proper control. That is why whole lung explant culture
was used in later experiments. Also, a previous study showed that cauterizing the trachea of
mouse lung explants had an effect on branching (Unbekandt et al., 2008). To determine if it would
also have an effect on chick lung branching during the culture experiments, lung explants with
cauterized trachea were cultured and compared with the non-cauterized explants. No strong
evidence suggested a difference between cauterized and non-cauterized lung explants (Figure
16). Therefore, non-cauterized lungs were used in subsequent experiments to avoid additional

disruptions to the growing lung explants.
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Figure 15. Bisected E5 chick lungs had distinct branching patterns in explant culture.

Bisected E5 chick lungs were grown on 8 um pore filters for 72 hours. Pictures were taken every
24 hours. Differences in development was observed between two halves of the same lung (black
arrowheads).
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Cauterized

Figure 16. Cauterizing E5 chick lungs did not affect development of the explant.
E5 chick lungs were grown with a non-cauterized trachea or with a cauterized trachea on 8 um
pore filters for 72 hours. Pictures were taken every 24 hours.

In the mouse, | compared E11.5 and E12.5 lung explants and | observed that E12.5 lung explants
branch a lot, suggesting that an earlier time point might be a more optimal stage for phenotype
analysis. However, E11.5 lung explants did not branch sufficiently to allow me to properly
characterize the differences between treatments (Figure 17). Also, there was more variability in

the branching of E11.5 lung explants: some did not branch, and others had some branching. |
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concluded that for embryonic mouse lung explants, E12.5 was the optimal stage for my

experiments because they branched more and had less variability between explants.

oh 7 24h 48h 72h

E11.5

E11.5

E12.5

Figure 17. Cultured E11.5 mouse lung explants branched less and had more variability than
E12.5 explants.
E11.5 and E12.5 mouse lungs were cultured with PBS (no treatment), 550 ug/ml of GST or 800

pg/ml of GST-C-CPE on 8 um pore filters for 72 hours. Each explant was imaged every 24h. C-CPE-
treated explants showed differences in development after 48h of culture compared to controls.
Scale bars (1 mm) are displayed in the Oh column and are consistent in each column.

3.3 Treatment with C-CPE decreases the lumen area and the lumen perimeter in embryonic
chick lung.

To determine if claudins are important in chick and mouse lungs during the initial stages of
branching morphogenesis, lung explants were cultured and treated with the C-CPE reagent that
removes specific claudins from tight junctions. E5 chick lungs were dissected and placed into one
of three culture conditions: GST-C-CPE in the media, GST control or PBS which acted as a no
treatment control (Figure 18). Explanted lungs were photographed every 24 hours and the images
were used for morphometric analyses, including measurements of the perimeter of the epithelial
airway structures, the lumen area and the bud count. First, | cultured chick lungs with 200 pg/ml

of GST-C-CPE, 100 pg/ml of GST and PBS. The difference of concentration between GST-C-CPE and
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GST is to account for the fact that the molecular weight of GST is 26 kDa while for GST-C-CPE, it is
37 kDa. To standardize the molarity of the two media supplements, the GST was used at a lower
concentration than for GST-C-CPE. There were no differences seen between the different groups.
Chick lungs treated with 400 ug/ml of GST-C-CPE, 200 pg/ml of GST or PBS did not exhibit
differences between treatments. However, chick lungs cultured with 800 pug/ml (Figure 18) had a
significant difference in lumen perimeter and lumen area when compared to GST (550 pg/ml) and
PBS controls after 48 hours of culture (Figure 19 B and C). The change in growth between
subsequent timepoints for the lumen perimeter and the lumen area was calculated. There was a
significant difference in lumen perimeter growth between GST-C-CPE treated lungs compared to
the controls between 0Oh and the 24h time points and from 24h to the 48h time points. No
significance was observed between the 48h and the 72h time points (Figure 19 E). There was a
significant difference in the expansion of the lumen area (calculated in folds) between GST-C-CPE
treated lungs compared to the controls at every time point (Figure 19 F). The lung bud count was
also measured blindly and the average of 3 measurements was used. There were no significant
differences between lungs cultured in PBS and lungs cultured in GST (550 pg/ml) or in GST-C-CPE
(800 pg/ml) (Figure 19 D). These data suggest that cultured chick lung explants treated with 800
pg/ml GST-C-CPE did not have an effect on bud number but affected lumen perimeter and lumen

area.

3.4 C-CPE localizes to the apical side of the epithelial cells in treated lungs

To confirm that the GST-C-CPE localizes to the apical membrane with the claudins in cultured chick
explants, immunofluorescence was performed. CPE antibody, which also recognizes C-CPE, was
used on transverse cryosections of chick lungs cultured 12 hours with the addition of 800 pg/ml
of GST-C-CPE, 550 pg/ml of GST or PBS. Expression of C-CPE was observed on the apical side of
epithelial cells of GST-C-CPE treated lung explants which is where claudins are mainly expressed.

No expression was seen on GST or PBS treated explants (Figure 20).

3.5 aSMA immunofluorescence on C-CPE treated chick lung explants was not different than
controls

aSMA is important during mammalian lung branching. aSMA appears at basal side of the cells at

the tip of a bud right before its bifurcation. When these smooth muscles are surgically removed,
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the bud regain its original shape. Also, when aSMA is affected by disrupting FGF signaling or
activating SHH signaling, ectopic smooth muscles form and block further branching (Kim et al.,
2015). To determine if the phenotype observed in C-CPE treated chick lung explants is due to a
change in aSMA expression or localization, explant cryosections were stained with aSMA
antibody. aSMA was seen in all groups, but only in a small number of lung buds. It was expressed
in the mesenchymal cells at the edge of the basolateral side of the lung epithelial cells. No
difference in the orientation, the localization and the quantity of aSMA was observed in the three

groups (Figure 21).

Oh 24h

No Treatment

GST 550 pg/ml

GST-C-CPE 800 pg/ml

Figure 18. C-CPE affected growth of E5 chick lungs grown in explant culture.

E5 chick lungs were cultured with PBS (no treatment), 550 pug/ml of GST or 800 ug/ml of GST-C-
CPE on 8 um pore filters for 72 hours. Each explant was imaged every 24 hours. C-CPE-treated
explants showed differences in development after 48h of culture compared to controls.

59



w
=]
*
*
.
*

Lumen perimeter (mm)
5 S
o
i
b
;F.:

$$% Call e

No GST-  No GST- No o GST- No GST-

GST ST
A v < Treat C-CPE Treat GsT C-CPE Treat C-CPE Treat st C-CPE
& oh 24h 48h 72
4 %k %k ¥ D
o— 40+
*okk oSN IMEE .
_ —_ 5 ! 8 . M
~ * b N e " A
£ R z . E
30
. agt H "
g : L tee = 2 . . o L .i‘
: S TERE S "I R
Q - a afa =1 A O
g e00 = N o ® % X, fn - " a4 o =
5 ) a s .
—1 ‘%%{- n £ 10 : %’ ﬁai—
4 0 - 5 L A ° Y
» : 2 S
No GsT O5T- No st G5T- No GST GST- No GST GST- No GST GST- No GST GST- No GST GST-  No GST GST-
treat C-CPE treat C-CPE treat C-CPE treat C-CPE treat C-CPE treat C-CPE treat C-CPE treat C-CPE
Oh 24h 48h 72h Oh 24h 48h 72h
E
1.8 * %k * %k F
¢ 4 t J -
. Ly 3, *kok
" - *okok —

L J * %k

FH .,
" TEEE,

=
o

~N
h

£
E

o e

P
=
-
H?" .
B
Lumen area growth (fold)

Lumen perimeter growth (fold)

oy
>

0 T T T T T T T T T
No GST- No GST-  No GST GST- No GST GST- No GST- No GST GST-
treat C-CPE treat C-CPE treat C-CPE treat C-CPE  treat C-CPE  treat C-CPE
0-24h 24-48h o 48-72h 0-24h 24-48h 48-72h

T .

£

_§ .

o x 4 .

= AL

o0

© . ®e

3 .

2 H ™ _%_ !

g : ‘% IA : - d

< « = l - iy

3 = =

No GST- No GST- No GST-
T T T
Treat s C-CPE Treat 65 C-CPE Treat C-CPE
0-24h 24-48h 48-72h

Figure 19. Chick lung explants cultured with 800 pug/ml of C-CPE have a smaller lumen perimeter
and lumen area compared to controls.

Measurements of the lumen perimeter (A, B), the lumen area (A, C) and the lung bud number (D)
was done every 24h on explants cultured with PBS (no treatment), 550 ug/ml of GST or 800 pg/ml
of GST-C-CPE. The lumen perimeter growth (E), the lumen area growth (F) and the lung bud
growth (G) was calculated in folds between time points. No treatment : 3 experiments; N=17 |
GST : 2 experiments; N=13 | GST-C-CPE : 3 experiments; N=19. Mean (SD); One-way ANOVA with
Tukey’s Multiple Comparison test, Significance: * : <0,05; ** :<0,01; *** : < 0,001.
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3.6 Preliminary results of molecular analysis show partial removal of Claudin-3 in C-CPE
treated chick lungs.

To confirm claudin removal from the tight junctions, immunofluorescence targeting Claudin-3, a
C-CPE-sensitive claudin, was performed on 10 um cryosections of chick lungs cultured 12h (Figure
22). In GST and no treatment controls, Claudin-3 was expressed on the apical side of the epithelial
cells, colocalizing with ZO-1. In GST-C-CPE treated explants, some Claudin-3 expression is seen in
the luminal area and in the cell cytoplasm. This suggests that GST-C-CPE affects Claudin-3
localization in ex vivo cultured chick lung explants. However, this was performed on a low number

of sections and needs to be repeated to confirm results.

3.7 Treatment with C-CPE seems to decrease lumen area in embryonic mouse lung explants.

E12.5 mouse lungs were cultured in 800 pg/ml of GST-C-CPE, 550 pg/ml of GST or PBS (no
treatment) (Figure 23). All explants were able to grow and branch similarly. However, the primary

and secondary bronchi of the GST-C-CPE treated explants appear smaller than in control explants.

PBS GST GST-C-CPE

Figure 20. C-CPE localizes to the apical side of epithelial cells in treated lungs

Immunofluorescence targeting CPE (green) and ZO-1 (red) was performed on 10 um cryosections
of chick lung explants previously cultured 12h with PBS (no treatment), 550 pug/ml of GST or 800
ug/ml of GST-C-CPE. These sections were imaged using a confocal microscope. Scale bars: 20 um.
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Figure 21. C-CPE treatment did not affect aSMA in chick lung explants.
Immunofluorescence targeting aSMA (green), ZO-1 (red) and F-actin was performed on 10 um
cryosections of chick lung explants previously cultured 72h with PBS (no treatment), 550 pg/ml of
GST or 800 pg/ml of GST-C-CPE. These sections were imaged using a confocal microscope. Scale
bars: 50 um.

No Treatment GST GST-C-CPE

Figure 22. Preliminary results suggest removal of Claudin-3 in C-CPE-treated chick lung
explants.

Immunofluorescence targeting Claudin-3 (green) and ZO-1 (red) was performed on 10 pum
cryosections of chick lung explants previously cultured 12 hours with PBS (no treatment), 550
ug/ml of GST or 800 pg/ml of GST-C-CPE. These sections were imaged using a confocal
microscope. Scale bars: 10 um.
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GST-C-CPE 800 pg/ml

Figure 23. C-CPE treatment did not affect branching in E12.5 mouse lung explants.

E12.5 mouse lungs were cultured with PBS (no treatment), 550 pg/ml of GST or 800 pug/ml of GST-
C-CPE on 8 um pore filters for 72 hours. Each explant was imaged every 24h. After 72h of culture,
no obvious differences in terminal lung bud number was observed, but the primary and secondary
bronchi appear smaller in C-CPE treated explants compared to controls.

3.8 Molecular analysis shows disrupted Claudin-3 localization in GST-C-CPE treated mouse
lungs.

To confirm that claudins are really removed from the tight junctions, immunofluorescence
targeting Claudin-3, a C-CPE-sensitive claudin, was performed on whole mount mouse lungs
cultured 72h (Figure 24). In controls, Claudin-3 was expressed on the apical side of the epithelial
cells (Figure 24 A and B). In GST-C-CPE treated explants, Claudin-3 was also expressed on the apical
side, but signal was also seen on the basolateral side of the cells (Figure 24 C). This suggests that
GST-C-CPE affects Claudin-3 localization in ex vivo cultured mouse lung explants. A different
concentration of GST was used in figure 24 compared to figure 23 because this experiment was
performed before the experiment showed on figure 23. GST has a molecular weight of 26 kDa
while GST-C-CPE has a molecular weight of 37 kDa. At a concentration of 400 pug/ml, GST has a
molarity of 15.4 uM. At a concentration of 800 ug/ml, GST-C-CPE has a molarity of 21.6 uM.
Increasing the concentration of GST to 550 pg/ml brings its molarity to 21.2 uM. This is why, for

subsequent experiments, a GST concentration of 550 pug/ml was used.
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Figure 24. C-CPE treatment affected Claudin-3 localization in cultured mouse lungs.

E12.5 mouse lungs were cultured with PBS (no treatment), 400 ug/ml of GST or 800 pg/ml of GST-
C-CPE on 8 um pore filters for 72 hours. Immunofluorescence targeting Claudin-3 (green) and ZO-
1 (red) was performed on these lungs and imaged using a confocal microscope. C-CPE-treated
lungs showed Claudin-3 expression at the apical and the basolateral side of the epithelial cells
while controls showed expression only at the apical side of the cells. Scale bars: 500 um.
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CHAPTER 4: Discussion

Lung development starts with the formation of two primary bronchi from the primitive foregut.
These two bronchi will then undergo branching morphogenesis when the epithelial cells change
shape to form secondary buds. These buds elongate and, in their turn, will bifurcate and form two
tubules. These steps occur in repetition for several rounds until the complete three-dimensional
structure of the lung is formed. The process of branching morphogenesis is similar between birds
and mammals, but it occurs through different mechanisms. In the kidney, which is another
branched organ, claudins have been shown to have a role during branching morphogenesis. My
project focus was to determine if claudins have similar a role during lung branching
morphogenesis. The chick and the mouse embryo were used to determine if the role of claudins
is different depending on the species. To determine if claudins are important in lung branching,
characterization of claudin expression during the first stages of chick lung branching
morphogenesis was performed. Chick and mouse lung explants were also treated with C-CPE to

study the effect of the removal of a subset of claudins on lung branching morphogenesis in vitro.

4.1 Characterization of claudin expression in chick lung at the formation of secondary bronchi.

Previous studies have looked at claudin expression in the developing lung. In the chick,
characterization of the mRNA expression patterns of all claudins was performed on whole
embryos at different timepoints during development. In situ hybridization on whole embryos may
not be sensitive enough to detect low levels of expression within organs. Results for the lung
showed Claudin-1, -3 and -10 mRNA expression in epithelial cells and Claudin-5 mRNA expression
in endothelial cells at different timepoints during lung development (Simard et al., 2005, Collins
et al., 2012, Collins et al., 2013). In E12.5 branching mouse lung, immunohistochemistry showed
protein expression of Claudin-3, -6 and -7 in epithelial cells and Claudin-5 in endothelial cells.
Claudin-1, -2, -4, -8 and -18 protein expression was not observed at this stage and the expression
of the remaining claudins was not assessed (Lewis et al., 2018). In my thesis, in situ hybridization
was performed for a subset of claudins on whole chick lungs at early stages of branching
morphogenesis. To determine if the mRNA transcript was translated to a protein and if it was
expressed in the tight junctions, protein expression for the same claudin members was

characterized by performing immunofluorescence.
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My claudin mRNA expression data during the early stages of chick lung branching morphogenesis
was generally in agreement with previous results. The claudins that exhibited mRNA expression
in epithelial cells, also showed protein expression in epithelial cells at these stages. However,
while no mRNA expression was observed for some of the claudins, their protein was detected by

immunofluorescence.

The mRNA and protein expression for Claudin-1, -3, -8 and -10 generally correlated in E4, E5 and
E6 chick lungs. This is in agreement with previous results which showed Claudin-1 mRNA
expression in epithelial cells of E3, E5 and E8 chick lungs (Simard et al., 2005) and Claudin-3 mRNA
expression in E5, E7 and E10 chick lung epithelial cells (Collins et al., 2013). However, previous
results showed Claudin-10 mRNA expression in E7 and E10 chick lung epithelial cells, but not in
E5 chick lungs (Collins et al., 2013). This difference might be due to the fact that | performed in
situ hybridization on dissected lungs, which is more sensitive than doing it on whole embryos.
Claudin-1 and -10 proteins showed higher expression intensity in the primary bronchi compared
to the secondary bronchi. This is in contradiction to the mRNA expression data where all epithelial
cells expressed Claudin-1 and -10 mRNA. This suggests that there may be a difference in Claudin-
1 and -10 protein expression between the primary bronchi and the secondary bronchi buds. This
difference may be independent of mRNA. This might be because the tight junctions in secondary
bronchi are not completely established implying that some claudins might be less expressed in

immature tight junctions (secondary buds) than in mature tight junctions (primary bronchi).

Claudin-5 expression was surprising because its mRNA and protein was expressed in the
endothelial cells of E4 and E5 chick lungs, but protein expression was also seen at the apical side
of the epithelial cells in E4, E5 and E6 chick lungs. In past results, Claudin-5 mRNA was expressed
in the vasculature surrounding the lung buds at E4.5, E7 and E9 (Collins et al., 2012). This agrees
with the mRNA expression data, but not with the protein expression data. Considering that mRNA
detection is more specific than protein detection and that some claudin antibodies have been
shown to cross react with other claudins (Suzuki et al., 2009), | believe that Claudin-5 is expressed

in endothelial cells of E4, E5 and E6 chick lungs but not in epithelial cells.

Claudin-4 and -14 expression showed differences between mRNA expression and protein
expression. In previous results, Claudin-4 and -14 mRNA were not observed in E5, E7 and E10 chick
lung (Collins et al., 2013) agreeing with the present mRNA results. Therefore, | believe that

Claudin-4 and Claudin-14 proteins are not expressed in the E4, E5 and E6 chick lungs.
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Different reasons might explain these discrepancies between mRNA and protein expression. One
explanation is that the half life of the protein may be longer than the half life of the mRNA. For
example, Claudin-2 protein has a half-life of 12 hours while the half-life of Claudin-4 protein is 4
hours (Van ltallie et al., 2004). For the mRNA half-life, it can be up to 30 hours depending on the
claudin and the factors stabilizing the mRNA (Sharma et al., 2013). Another explanation which
might explain the presence of protein, but no mRNA would be that the mRNA is quickly degraded.
Different mechanisms might be responsible for this like microRNA-mediated mRNA decay or the
binding of long non-coding RNA to the mRNA transcript which would inhibit binding of the
antisense probe during in situ hybridization. Finally, another reason to explain this difference
would be that there is a significant amount of false positive signal from the antibodies in the

detection of mMRNA or protein.

My expression experiments have shown that Claudin-3 is the only C-CPE-sensitive claudin
expressed in epithelial cells during the first stages of chick lung branching morphogenesis. Other
claudins that are not specifically targeted by C-CPE might still be affected by treatment with C-
CPE through secondary effects. For example, Claudin-1 and -3 are known to interact together in
trans- (Furuse et al., 1999) therefore, the removal of Claudin-3 by C-CPE may lead to the removal

of Claudin-1 as well.

4.2 C-CPE-treated lung explants have reduction in lumen area.

To study the role of claudins in the first stages of lung branching morphogenesis, | cultured chick
and mouse embryonic lungs and treated them with C-CPE. C-CPE is a protein which binds to the
second extracellular loop of a subset of claudins and remove them from the tight junction. A
similar experiment done with embryonic mouse kidney resulted in the reduction of branching
morphogenesis. Because at least one C-CPE-sensitive claudin is expressed in the chick and the
mouse lung at the early stages of lung branching morphogenesis, | expected that when lung

explants are treated with C-CPE, branching morphogenesis would be inhibited.

When chick lung explants were treated with 200, 400 and 600 pg/ml of C-CPE, no differences were
observed between treated lungs and controls. However, differences were observed at a

treatment of 800 pg/ml of C-CPE. This suggests that a concentration of 600 pg/ml and below does
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not affect claudins to the point of creating a phenotype in the cultured lungs. This might be due
to the fact that C-CPE is not in direct contact with the lumen of lung bronchi, where it can affect
the claudins. It is added to the media and thus only a fraction of the C-CPE may actually end up in
the lumen. My results did not show a difference in lung bud counts in chick lung explants treated
with 800 ug/ml of C-CPE. This suggests that at least Claudin-3 does not have a direct role in chick

lung branching morphogenesis.

Measurements of the lumen perimeter and the lumen area showed a reduction in C-CPE-treated
explants compared to controls after 48 hours of culture. This difference in lumen area suggests
that C-CPE affects a mechanism controlling the expansion of chick lung lumen. Previous papers
showed a role of claudins in regulating turgidity in other luminal structures. For example, C-CPE
treatment caused the removal of Claudin-4 and Claudin-6 from the tight junction of developing
mouse blastocyst and resulted in a defect in blastocoel expansion. The authors suggested a role
of claudins in the formation or the maintenance of the hydrostatic pressure that provides turgidity
to the blastocyst (Moriwaki et al., 2007). Also, the loss of Claudin-5a reduces the ventricular lumen
volume in the zebrafish embryonic brain. Claudin-5a has a role in sealing the tight junctions to
maintain ventricular fluid pressure (Zhang et al., 2010). Similarly, Claudin-15 has a role in
facilitating luminal fluid accumulation in the zebrafish gut. However, in contrast to Claudin-5a,
Claudin-15 forms an ionic pore which lets Na* and K* pass through the paracellular space from the
basolateral to the apical side of the epithelial cells (Bagnat et al., 2007). These experiments
suggest that the difference in lumen area observed in C-CPE-treated chick and mouse lung

explants could be a consequence of claudin removal.

Immunofluorescence experiments were performed on cultured chick lung explants to determine
if C-CPE removes C-CPE-sensitive claudins from the tight junctions. Immunofluorescence assays
showed partial removal of Claudin-3. However, the sample size should be increased prior to
making any conclusions. Even if Claudin-3 removal is not observed by immunofluorescence, it
does not signify that C-CPE does not affect claudins. Only a fraction of Claudin-3 might be removed
by C-CPE which might not be visible by immunofluorescence because the assay does not provide
enough resolution. This effect might still have consequences on tight junction function and

permeability.

In mouse lung experiments, a phenotype similar to the one seen in the chick was observed. There

was no observed difference in the branching pattern between mouse lung explants cultured in
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GST media and those cultured in C-CPE, although detailed measurements were not performed.
Primary and secondary bronchi appeared to have a smaller area in explants treated with C-CPE
compared to GST controls. These data show that C-CPE has a similar effect in cultured chick and

mouse lung explants.

Claudin-3 immunofluorescence performed on cultured mouse lung explants showed a difference
in Claudin-3 localization in C-CPE-treated lungs: expression was seen at the apical and the
basolateral side. Immunofluorescence of a non-C-CPE-sensitive claudin still needs to be
performed to conclude that this effect is specific to C-CPE-sensitive claudins. This phenotype is
different than what is seen in other organs or cell lines treated with C-CPE. In the chick neural
tube, treatment with C-CPE causes internalization of C-CPE-sensitive claudins leading to a
reduction in their colocalization with ZO-1, a tight junction marker (Baumbholtz et al., 2017). This
difference in phenotype might be due to the fact that immunofluorescence analysis of C-CPE-
treated chick neural tubes was performed after 5 hours of treatment, while | looked later, after
72 hours of culture. This time difference might affect how the tissue responds to the loss of
claudins. The cells might be trying to compensate for the loss of claudins at the tight junction by
producing more claudin proteins when later time points are examined. For unknown reasons, the
excess in claudin proteins was found at the basal side of the cells. Another hypothesis would be
that in normal conditions, the claudins are transported to the apical side of the cells to the tight
junctions. In a C-CPE environment, the C-CPE-sensitive claudins would be removed from the tight
junctions and would circulate freely in the cytoplasm. After a certain amount of time, these
proteins would reintegrate into the membrane, but because they are not actively transported to
the apical side, they might reintegrate into the membrane at the basolateral side of the cells.
Thus, immunofluorescence analysis of C-CPE-sensitive claudins needs to be performed at earlier
time points to determine if a claudin removal phenotype similar to the one seen in other C-CPE-
treated tissues is observed in mouse lungs. Nonetheless, the observed difference in Claudin-3
localization in C-CPE-treated mouse lung explants suggests that the detected difference in lumen

area is due to the alteration of tight junctions through claudin mislocalization by C-CPE.

Published papers have shown that claudins can have a role in regulating lumen fluid accumulation
by sealing the paracellular pathway (Zhang et al., 2010) or by creating ionic pores in the tight
junction (Bagnat et al., 2007). In the lung, high levels of CI™ ions in the epithelial cells leads to the

passive secretion of Cl~ions into the lumen. This creates a negative lumen transepithelial potential

69



difference which drives the passive transport of Na* inside the tubule. A strong osmotic gradient
is formed inside the lumen resulting in the accumulation of lung fluid (Olver et al., 2004). Like in
the ventricle of the zebrafish brain, claudins might have a role in sealing the paracellular pathway
in the lung epithelial cells. Claudin-3, the only C-CPE-sensitive claudin expressed in branching chick
lung, is known to be a sealing claudin (Milatz et al., 2010). This suggests that Claudin-3 in the chick
lung could act like Claudin-5a in the zebrafish brain ventricle, sealing the paracellular pathway
from the passage of ions from the luminal space. The alteration of Claudin-3 localization by C-CPE
would allow the passage of ions in the paracellular pathway from the lumen to the interstitium of
the lung, leading to a decrease in osmotic differential in the lumen. This would reduce fluid
accumulation in the lumen as seen in C-CPE-treated chick lung explants. In the mouse, C-CPE-
sensitive Claudin-3, -6 and -7 are expressed in the lung epithelial cells during branching
morphogenesis (Lewis et al., 2018). Claudin-6 is known as a sealing claudin (Sas et al., 2008).
Claudin-7’s function is controversial: some results suggest Claudin-7 forms anion pores (Hou et
al., 2006), while other results suggest it acts as an anion barrier (Alexandre et al., 2005).
Nonetheless, two out of the three C-CPE-sensitive claudins that are expressed in the mouse lung
during branching morphogenesis are known to be sealing claudins which suggests that these
claudins regulate luminal fluid accumulation by blocking ions from passing through the
paracellular pathway. However, the removal of Claudin-6 and -7 needs to be assessed in C-CPE-
treated mouse lung explants to determine if they are also responsible for the phenotype seen in

C-CPE-treated mouse lungs.

To test if claudins have a role in regulating transport in the paracellular pathway in chick and
mouse lungs, experiments using small molecules can be performed on cultured lungs. In the
zebrafish brain ventricle, injection of lanthanum nitrate, an electron-dense small molecule was
injected into the lumen. This is a good way to study tight junction permeability. However, this
molecule needs to be used with electron microscopy (Zhang et al., 2010). In the zebrafish gut, two
tracers were injected into the yolk to see if they would reach the apical side of the gut epithelial
cells. Rhodamine-dextran of relative molecular mass 10,000 and a biotinylation reagent of relative
molecular mass 443 were used (Bagnat et al., 2007). This could be used in mouse and chick lung
explants to determine if molecules of different size can pass through the tight junction of C-CPE-
treated explants. However, this would not determine if the paracellular pathway is more or less
permeable to certain ions. To determine this, transepithelial electrical resistance should be used.

Unfortunately, transepithelial electrical resistance cannot be used on lung explants as it needs a
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single cell layer covering the entire surface of an insert. Performing transepithelial electrical
resistance on an epithelial mouse lung cell line like MLE 12 (ATCC® CRL-2110™) might be a good

way to test paracellular permeability in lung cells treated with C-CPE.

My results did not show a direct role for C-CPE-sensitive claudins on chick and mouse lung
branching morphogenesis. However, they do suggest roles for these claudins in regulating lung
luminal fluid accumulation. This role in maintaining turgidity in mouse lung lumen might still have
an indirect effect on branching morphogenesis. In fact, internal pressure has been shown to be
important during lung branching. Cauterizing the trachea of embryonic mouse lung explants,
which increases internal pressure, promotes branching morphogenesis through the
Fgf10/Fgfr2b/Sprouty2 pathway (Unbekandt et al., 2008). Drainage of the luminal fluid has also
been shown to decrease lung growth and development in embryonic sheep lung (Moessinger et
al., 1990). Also, C-CPE only targets a subset of claudins. Therefore, other claudins might still have
a more direct role in lung branching morphogenesis. More experiments need to be done to target

other claudins and to study their role during lung branching morphogenesis.
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CHAPTER 5: Conclusions and future directions

In my thesis project, | showed that the mRNA and the protein of Claudin-1, -3 and -10 are
expressed in the epithelial cells of chick lungs at E4, E5 and E6. Protein expression showed that
they colocalize with ZO-1, suggesting that they are localized at the tight junction. Other claudin
proteins were detected, but mRNA expression was not in agreement with these results, thus

further experiments are needed to confirm these expression patterns.

To test whether claudins are important during the first stages of chick and mouse lung branching
morphogenesis, lung explants were cultured with C-CPE, a protein which removes a subset of
claudins from the tight junction. In chick lung and mouse explant culture, C-CPE treatment did not
affect the total number of terminal buds. However, in chick lung explants, C-CPE-treated samples
exhibited a significant decrease in perimeter and lumen area after 48 hours of culture. A similar
phenotype was observed in mouse lung culture explants, but further measurements are needed

to confirm the findings in the mouse.

To determine if C-CPE-sensitive claudins were actually removed from the tight junctions, Claudin-
3 immunofluorescence was performed on chick lung explant sections and on whole mount mouse
lung explants. Chick lung explants cultured 12 and 72 hours showed a partial decrease in luminal
staining suggesting partial removal of Claudin-3, but more experiments are needed to confirm
these findings and show significance. In whole mouse lung explants cultured for 72 hours,
basolateral expression of Claudin-3 was observed in C-CPE treated explants while GST control
explants showed expression only at the apical side of the epithelial cells. These preliminary data

suggest that claudin localization is affected by the presence of C-CPE.

Together, the results suggest that the alteration of the claudin complex by C-CPE does not result
in a branching defect in chick or in mouse lungs. However, a reduction in lumen area in the chick
and the mouse suggests a role for C-CPE-sensitive claudins in regulating lumen fluid accumulation
in the lung. To confirm this hypothesis, experiments using small molecules should be performed
to determine if alteration of tight junctions by C-CPE affects the paracellular pathway. However,
these assays cannot indicate if the ionic permeability is affected. To examine this aspect,
transepithelial electric resistance could be used. However, it can only be performed on a single
cell layer. A mouse lung epithelial cell line could be used to assess permeability differences in C-

CPE-treated samples.
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It is still possible that other claudins are involved in the lung branching morphogenesis process
and targeting non-C-CPE-sensitive claudins could lead to lung branching defects. However, my
results suggest a role of the C-CPE-sensitive claudins in regulating luminal fluid accumulation in
chick and mouse lung during branching morphogenesis. This role could be important to maintain

the turgidity of the lung tubules during development.
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