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Abstract

Congenital Anomalies in the Kidney and Urinary Tract (CAKUT) refer to a range of
phenotypes in the kidney and the urinary tract. CAKUT is present in 1 to 6 of every 1,000 live
births, and is a major cause of kidney failure in children. To better understand how congenital
kidney malformations arise in children, it is important to define the molecular and cellular events
of two important processes in kidney development: nephric duct elongation and branching
morphogenesis. The nephric duct elongates caudally and gives rise to the ureteric bud, which
will undergo branching morphogenesis, thereby forming the collecting duct system of the
kidney. Defects in either of these processes can lead to congenital renal malformations. Several
genes have been associated with renal malformations in mice and in humans from sequencing
cohorts with CAKUT. However, the variants discovered so far only account for a small subset of
patients with CAKUT. Thus, it is necessary to sequence more patients for genes outside of the

ones already implicated in kidney development.

Previous studies by our group showed that members of the claudin family of tight
junction proteins are required for nephric duct elongation and branching morphogenesis during
kidney development. I hypothesize that claudin sequence variants in patients with kidney
malformations will result in defects in nephric duct elongation and/or ureteric bud branching. To
test this hypothesis, I first analyzed the expression patterns of claudins during nephric duct
elongation in mouse and chick. Claudin-1, -3 and -4 were expressed in the chick nephric duct
from HH12 (Hamburger Hamilton stage), when the nephric duct starts to form, and they
continued to be expressed once the entire nephric duct was epithelialized. In the mouse embryo,
Claudin-4 was expressed in the nephric duct at E10.5, as well as in the ureteric bud and trunk,
and the ureter at E13.5 and E16.5. Next, I analyzed the claudin coding sequences of 96 patients
with congenital renal malformations from the NIH-sponsored CKiD cohort (Chronic Kidney
Disease). I identified 17 rare and novel heterozygous variants, 11 of which are predicted to be
pathogenic. A rare variant in CLDNS, and a novel variant in CLDN4 were subjected to
functional analysis. Retroviral overexpression of these variants in the chick embryo resulted in
impaired elongation of the nephric duct, when assessing the embryos by in situ hybridization

using a marker of the duct.



Résumé

Les anomalies congénitales du rein et des voies urinaires (Congenital Anomalies in the
Kidney and Urinary Tract, CAKUT) font référence a un spectre de malformations du rein et des
voies urinaires. Les CAKUT touchent 1 a 6 nouveau-nés sur 1000 naissances, et sont une cause
majeure d’insuffisance rénale chez les enfants. Pour mieux comprendre comment les
malformations congénitales du rein surviennent chez les enfants, il est important de définir les
événements moléculaires et cellulaires de deux processus importants dans le développement du
rein: I'allongement du canal de Wolff et la morphogenése de ramification. Le canal de Wolff
s'allonge caudalement et donne naissance au bourgeon urétéral, qui va se ramifier, formant ainsi
le systéme du canal collecteur rénal. Une anomalie dans I'un ou l'autre de ces processus peuvent
entrainer des malformations congénitales du rein. Plusieurs génes ont ét¢ associés a des
malformations rénales chez la souris et chez 'homme en séquengant des cohortes atteintes de
CAKUT. Cependant, les variantes génétiques découvertes jusqu'a présent ne représentent qu'un
petit sous-groupe de patients avec des CAKUT. Ainsi, il est nécessaire de séquencer plus de

patients pour des génes en dehors de ceux déja impliqués dans le développement du rein.

Notre groupe de recherche a démontré dans des études antérieures que les claudines, une
famille de protéines situées dans les jonctions serrées, sont nécessaires pour 1'élongation du canal
de Wolff et dans la morphogenése de ramification au cours du développement du rein. Je fais
I'hypothése que les variantes dans la séquence des claudines chez les patients atteints de
malformations rénales entraineront des anomalies dans I'allongement du canal de Wolff et/ou de
la ramification du bourgeon urétéral. Pour tester cette hypothése, j'ai d'abord analysé les profils
d'expression des claudines au cours de l'allongement du canal de Wolff chez la souris et le
poussin. Les Claudin-1, -3 et -4 sont exprimées dans le canal de Wolff du poulet au stade HH12
(stade Hamburger Hamilton), lorsque le canal de Wolff commence a se former, et ils continuent
a étre exprimés suite a 1’épithélialisation compléte du canal de Wolff. Chez la souris, au stade
E10.5 (jour 10.5 du développement embryonnaire), la Claudin-4 est exprimée dans le canal de
Wolff. Elle est aussi exprimée dans le bourgeon et le tronc urétéral, et I'uretere a E13.5 et E16.5.
Ensuite, j'ai analysé les séquences codantes des claudines de 96 patients atteints de
malformations congénitales du rein de la cohorte CKiD parrainée par le NIH (Chronic Kidney

Disease). J'ai identifié 17 rares et nouvelles variantes hétérozygotes dont 11 étaient pathogenes.



Une variante rare dans CLDNS et une nouvelle variante dans CLDN14 ont ét¢ soumises a une
analyse fonctionnelle. La surexpression rétrovirale de ces variantes dans 1'embryon de poulet a
entrainé une altération de I'allongement du canal de Wolff observée lors de 1'évaluation des

embryons par hybridation in situ en utilisant un marqueur du canal de Wolff.
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CHAPTER I: Introduction

1.1 Kidney Development

Kidney development requires the formation and elongation of tubular structures through
the epithelialization of mesenchymal cells. Cells shape changes and molecular signalling control
the tissue movements that contribute to the formation of the kidneys. Two of the key processes
necessary for kidney development are nephric duct elongation and ureteric bud branching. All
vertebrates go through the same morphological changes and embryological tissue movements

leading to the formation of the kidneys, differing only in the temporal occurrence of these events.
1.1.1 Nephric Duct Development

The Wolffian duct or nephric duct is the first tubular epithelial structure that forms in the
urogenital system (reproductive and urinary system have common origin, the intermediate
mesoderm). It is the structure that will give rise to the kidneys and the male reproductive tract.
Mesenchymal cells, with migratory properties and lack of cell polarity, are found in the
intermediate mesoderm, adjacent to the lateral plate of the embryo. These cells become specified
through signals from the lateral plate and start to aggregate (James and Schultheiss, 2003; Attia
etal., 2012; Obara-Ishihara et al., 1999).

Aggregated mesenchymal cells transition into fully-differentiated epithelial cells,
surrounding a continuous lumen. This tubular structure is known as the nephric duct, which
elongates in a rostral to caudal direction. Once the nephric duct is epithelialized, it inserts into
the cloaca at the posterior end of the embryo (Joseph et al., 2009). The elongation of the nephric
duct is due to the migration and aggregation of mesenchymal-like cells at the posterior end of the
embryo as shown in Figure 1. A study in 2015 shows that at the anterior end of the duct, cells are
static with a polygonal shape and epithelial. At the posterior end, cells are less differentiated,
more motile and mesenchymal-like, extending and retracting in the direction of the elongation.
The study suggested that neither cell proliferation nor cell death are implicated in nephric duct
elongation (Atsuta and Takahashi, 2015).

As the nephric duct elongates, a series of transient tubules that serve as a filtering system
for water, nutrients and waste during different embryological stages develops adjacent to it
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(Hiruma and Nakamura, 2003). The first set of tubules is called the pronephros, which is non-
functional in most species. Once the pronephros degenerates, the mesonephric tubules start to
develop. The mesonephros serves an excretory purpose during early embryogenesis in most
vertebrates, and as the mature kidney in fish and amphibians. Once the nephric duct reaches the
level of the hindlimb of the embryo, the final metanephric kidney develops through a process
known as ureteric bud branching (Attia et al., 2012). Table 1 shows the different stages at which

these processes occur in human, mouse and chick.

As mentioned above, the nephric duct will also form the reproductive system in males.
During sex determination, the presence of the SRY gene on the Y chromosome specifies the
gonads to develop into the testes, which produce testosterone. Secretion of testosterone will
promote the development of the nephric duct into the epididymis, vas deferens, seminal vesicle,
and efferent ducts. In the female, the absence of SRY leads to a lack of testosterone, which in
turn, results in the regression of the nephric duct and the elongation of a second tubular epithelial
structure, known as the Miillerian duct (or paramesonephric duct). The Miillerian duct will then
give rise to the Fallopian tubes, the uterus, the uterine cervix, and part of the vagina (Renfree et

al., 2009; Atsuta and Takahashi, 2016).

When the nephric duct extends, the length of the tube as well as the cell epithelialization
that maintains the internal lumen are synchronized both, temporally and spatially. The
transcription factors and molecular signalling pathways involved in the regulation and
coordination of the mesenchymal and epithelial lineages in the nephric duct have been well
described. However, few studies have investigated the cell shape changes and tissue movements
mediated by the cytoskeleton that control lengthening of the duct. Cell junctions acquired during
epithelialization are essential for these cell shape changes to occur (Atsuta and Takahashi, 2015).
In my thesis projectI will examine a family of proteins essential for formation of cell junctions

and their support for nephric duct elongation.
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Figure 1. Nephric Duct Elongation in HH13 Chick embryo

On the left is a schematic of a HH13 chick embryo. The elongating nephric duct is illustrated in
blue. The middle panel shows schematic transverse sections at a more anterior and a more
posterior region of the duct. In the anterior section the nephric duct (blue) is a fully-differentiated
tubular structure. In the more posterior section, there is no lumen formed and only
undifferentiated mesenchymal cells aggregated. The far-right panel illustrates epithelialization of
cells as the nephric duct elongates (Atsuta and Takahashi, 2015).
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1.1.2  Ureteric Bud Branching

Ureteric bud branching starts when an outgrowth from the nephric duct, known as the
ureteric bud, invades the adjacent metanephric mesenchyme, which is a population of
mesenchymal cells derived from the intermediate mesoderm. Reciprocal signalling between the
ureteric bud and the metanephric mesenchyme will induce the ureteric bud to elongate and
bifurcate in a process called branching morphogenesis (Figure 2). Repetitive branching of the
ureteric bud gives rise to the collecting duct system and induces the formation of nephrons,
which are the filtering system of the kidney, in a process known as nephrogenesis. Nephrons are
formed through signalling from the ureteric bud that induces the mesenchymal cells in the
metanephric mesenchyme to condense around the ureteric bud tips. These mesenchymal cells
polarize into renal vesicles, which become comma-shaped bodies, and then S-shape bodies. The
S-shape body will form the glomerulus, where waste products are first filtered from the blood
(Dressler, 2006; Blake and Rosenblum, 2014). The ureteric bud will undergo a number of
repeated divisions (approximately 15 times in humans) that will give rise to 900,000 to 1 million

nephrons per kidney (Bertram et al., 2011).

There are several key molecules that control both the elongation of the nephric duct and
the branching of the ureteric bud, mentioned bellow (Section 1.1.4). It is important to examine
the genes that contribute to kidney development and their mouse model studies to better
understand the renal system. I am interested on how cell rearrangements can induce the structural
changes necessary for tubular formation of the early structures in this system. These cell
transitions occur during mesenchymal to epithelial transition (MET), which induces the cell
polarization and cell adhesion properties that promote cell epithelialization. How cell shape
changes and rearrangements occur can help better understand how groups of cells are regulated

to give rise to the kidney.
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Human (gestation day)

Mouse (embryonic day)

Chick (Hamburger

Hamilton stages)

Nephric Duct | Day 15 E7 12h (HH13)
Pronephros Day 18-22 E8-8.5 Day 2.5 (HH17)
Mesonephros | Day 24 E9.5 Day 3 (HH20)
Ureteric bud | Day 35-37 E10.5-11 Day 5 (HH25)

Table 1. Timing of Kidney Development in Human, Mouse and Chick.

The morphological processes that occur during nephric duct elongation and ureteric bud
branching during kidney development are highly conserved between vertebrates. In humans, the
first 9 to 10 branching generations occur by the 15™ week of gestation, while in mice it occurs by

E15.5. In all three species, branching ceases postnatally but the kidney continues to develop

(Takasato and Little, 2015; Davidson, 2009; Uhlenhaut and Treier, 2008; Hamburger and

Hamilton, 1992).
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Figure 2. Kidney Branching Morphogenesis and Nephrogenesis

(a) Ureteric bud tip surrounded by condensed mesenchymal cells. (b) Reciprocal signalling
between the ureteric bud tip and the surrounding mesenchymal cells will initiate MET of the
mesenchymal cells to form renal vesicles. (c) Elongation and bifurcation of the ureteric buds lead
to ranching morphogenesis. (d) Renal vesicles will give rise to the nephron by differentiating
first into comma- and then into S-shaped bodies that give rise to the distal and proximal tubules,
and the glomerulus. The ureteric buds give riseto the collecting duct system of the kidneys (e)
Final nephron with vascularization and renal collecting duct system. (f) Ureteric bud branching
and MET of mesenchymal cells form the cortex of the kidney, while ureteric bud trunks elongate
into the inner kidney forming the medulla.
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1.1.3 Cell Shape Changes During Kidney Development

During nephric duct elongation and ureteric bud branching there are several cell shape
changes and transitions, such as apical constriction, that induce the organization of epithelial
cells into complex structures. Communication of outside-in signals through membrane proteins
to the actin cytoskeleton is necessary for cells to move and transition during morphogenesis. Cell
junctions, such as the adherens junction and the tight junction, are essential to anchor the
cytoskeleton. Cell junctions are necessary for acquisition of apical-basal polarity and cell-to-cell
contact (Tepass and Hartenstein, 1994), which is important for cell shape changes during

epithelialization.

The purse-string hypothesis has been invoked to explain the cellular changes that occur
during branching morphogenesis. This hypothesis is based on apical constriction, a process that
occurs as the apical actin microfilaments of epithelial cells contract to decrease the surface area
on the apical side of the cell (Baker and Schroeder, 1967) causing cells to change from a
columnar to a wedged shape. As the epithelial cell monolayer of the ureteric bud protrudes into
the extracellular matrix, the cells start to change shape inducing the formation of an outpouch as
shown in Figure 3. Cells involved in the ‘outpouches’ maintain cell to cell contact and the
basement membrane of the epithelial layer remains intact as the lumen extends (Meyer et al.,

2004). Apical constriction of cells is necessary for branching of the ureteric bud.

In the ureteric bud, wedge-shaped cells are located at the tip, while columnar cells form
the stalk. The equilibrium in the distribution of proliferating and apoptotic cells between the
ureteric bud tip and the stalk helps drive the outpouch during branching morphogenesis. At the
site of the outpouch, more cell undergo proliferation, compared to the stalk. In contrast, in the

stalk there are more apoptotic cells (Meyer et al., 2004).

Some of the signaling molecules, transmembrane proteins, transcription factors, cell
junction proteins, growth factors, and others proteins that have been shown to be important for
kidney development through mouse studies and sequencing of human patients are highlighted

below.
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Figure 3. Purse-string Hypothesis in Branchpoint Formation

(a) Branching morphogenesis occurs through the formation of outpouches (open arrows). The
epithelial monolayer invades the extracellular matrix by maintaining the basement membrane
(red lining) of cells. (b) Cells at the outpouch (arrows) contract into wedge-shape by decreasing
the apical surface area through a process called apical constriction. (¢) Cells at the outpouch are
predominantly proliferating (red), compared to the stalks, where more apoptotic cells (blue) are
found (Meyer et al., 2004).



1.1.4 Signalling Molecules and Genes Involved in Kidney Development

There are several proteins involved in the molecular signaling pathways required for
nephric duct elongation and ureteric bud branching. In the following section, I will discuss the
function of some these proteins, including transcription factors that have been found to regulate
signaling molecules. Roles for transcription factors in kidney development have been identified
through knock-out, null and conditional mouse model studies (Nagalakshmi and Yu, 2015).
Patients with urogenital diseases were found to have mutations in most of these genes, reiterating

their importance in kidney development.

1.1.4.1 WT1

WT1, Wilms tumor 1, is a transcription factor that is essential for the development of the
urogenital system. WT1 is expressed in the metanephric mesenchyme, inthe progenitors of the
nephron and in Sertoli cells in the testis (Hammes et al., 2001; Jiang et al., 2017). WT1 has a role
in cell differentiation, cell growth, and apoptosis, and it has been shown to be necessary for

ureteric bud invasion into the adjacent metanephric mesenchyme (Kreidberg, 2010).

Targeted mutations in W¢/ in mice lead to bilateral renal agenesis, where both kidneys
are absent. This phenotype is caused by apoptosis of the cells in the metanephric mesenchyme as
well as the inability of the ureteric bud to invade the metanephric mesenchyme (Kreidberget al.,

1993; Davies et al., 1999).

Mutations in humans reflect the importance of W/ in the development of the urogenital
system. Several syndromes including Denys-Drash syndrome (DDS), and Frasier syndrome (FS)
are associated with mutations in WT1. Both syndromes are autosomal dominant and affect the
development of the urogenital system, often resulting in tumors in the genitalia and in the
kidney. DDS is caused by point mutations in W71 and can result in nephrotic syndrome.
Affected patients exhibit diffuse mesangial sclerosis (glomerular damage) that progresses to
renal failure. FS is caused by an intronic mutation, has overlapping features with DDS and also

affects the kidney and genitalia (Hammes et al., 2001).
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1.1.4.2 GDNF and RET

GDNEF, glial-cell-line derived neurotrophric factor, signals through a receptor tyrosine
kinase RET and its co-receptor GRFal. Both receptors are expressed in the nephric duct and
ureteric bud epithelium (Costantini and Kopan, 2010). GDNF is only expressed in the
metanephric mesenchyme and induces ureteric bud outgrowth from the nephric duct
(Nagalakshmi and Yu, 2015). Once the ureteric bud develops, Ret expression becomes restricted
to the distal bud tips and decreases in the ureteric bud trunk and the nephric duct. Similarly,
GDNF becomes restricted to the undifferentiated mesenchyme around the ureteric bud tips. In
the absence of Ret, GDNF signals through GRFal, which has a slightly broader expression in the
ureteric bud compared to Ret (Costantini and Shakya, 2006).

In mice, null mutants for Ret or Gdnf do not form the ureteric bud, which results in renal
agenesis (Nigam and Shah, 2009). However, in the absence of these genes there are some mice
that develop rudimentary kidneys. Heterozygous mutant mice also develop blind ending ureters
and dysplastic kidneys, suggesting that GDNF is important to induce the outgrowth of the
ureteric bud and branching morphogenesis (Schuchardt et al., 1996).

A small percentage of patients with renal agenesis have mutations in both RET and
GDNF (Davis et al., 2014). Even though GDNF and Ret play an important role in regulating the
outgrowth of the ureteric bud, the formation of rudimentary kidneys in mutant mice suggests that
there are other molecular factors that regulate outgrowth. Upstream of GDNF there are other
transcription factors that regulate kidney development, such as Pax2, Eyal, and Six.

1.1.4.3 PAX2

Pax2 is a transcription factor and member of the paired box family. It is expressed in the
developing kidney, the ureter, the mesenchymal cells adjacent to the nephric duct, the nephric
duct, the pronephros, the mesonephros and the metanephros (Dressler et al., 1990; Brophy et al.,
2001). Studies have shown that Pax2 is a target of WT1 in the metanephric mesenchyme
(Hartwig et al., 2010).

In the mouse, Pax2 homozygous mutants lack kidneys, ureters and genital tracts,
demonstrating the role of Pax2 in development of the urogenital system (Torres et al., 1995).
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PAX2 mutations have been found in many patients with kidney and urinary tract defects. In
2006, the ESCAPE (European multicenter effect of strict blood pressure control and ACE
inhibition on CRF progression in pediatric patients) study published the discovery of four
heterozygous PAX2 mutations in seven different patients with renal hypoplasia and/or dysplasia
(Weber et al., 2006). A more recent study published in 2016, which sequenced 453 patients with
kidney hypodysplasia, reported only three patients with PAX2 mutations (Nicolaou et al., 2016).
In a published study on the CKiD (Chronic Kidney Disease) cohort, 73 children with renal
hypodysplasia and aplasia were sequenced for PAX2 and HNFIB mutations. They found three
different mutations in PAX2, including a splice site, a frameshift and a missense mutation, and a
frameshift and missense mutation in HNF1B (Thomas et al.,2011). Thus, only a subset of cases
with kidney disease can be explained by mutations in PAX2. However, due to the fact that
homozygous Pax2 mutations have a severe phenotype in mice leading to a lethal outcome,

CAKUT patients may have a reduced frequency of these mutations.

1.1.4.4 EYAI1 and SIX2

Eyal, eyes absent homolog 1 transcription factor, is expressed in the mesonephros, and in
the progenitor cells of the metanephric kidney. Eyal is necessary for the initial elongation and
bifurcation of the ureteric bud and it continues to be expressed in the renal tubules throughout
mouse development (Xu et al., 1999). In the mouse, deletion of Eyal leads to premature

differentiation of nephron progenitor cells.

Six2, encodes a homeobox protein expressed in the mouse kidney throughout
development. It is necessary to maintain undifferentiated nephron progenitor cells in the
metanephric mesenchyme. Knock-out mouse models of Six2 have severe renal dysplasia (Xu et
al., 2014; Weber et al., 2008), and loss of Six2 leads to premature epithelization of the nephron
progenitors. Eyal requires Six2 to localize to the nucleus, and Eyal regulates phosphorylation of
Myc, a transcription factor involved in cell cycle progression. Myc has been shown to play a role
in cell proliferation of the metanephric mesenchymal cell progenitors (Xu et al., 2014;

Kobayashi et al., 2007).

In humans, mutations in £EYA/ and SIXI cause branchio-otorenal (BOR) syndrome which

results in renal abnormalities, the most common being kidney hypoplasia (Li et al., 2010; Ruf et
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al., 2004). There are also mutations in EYA/ in patients with otic defects (Li et al., 2010). Human
mutations in SIX2 are associated with defects in the formation of mesonephric tubules and renal

hypodysplasia (Kobayashi et al., 2007).

1.1.4.5 LIM1

Liml, a member of the LIM-class of homeodomain transcription factor expressed in the
intermediate mesoderm, the nephric duct, the mesonephros and the metanephros. It is also
observed in the comma-shaped body, the S-shaped body, and the glomerulus in the mouse

(Shawlot and Behringer, 1995; Kobayashi et al., 2005).

In the mouse, Liml homozygous mutants do not develop kidneys or gonads. Mutant mice
start to form a nephric duct, but after the mesonephros has formed, the posterior end of the duct
starts to degenerate and it fails to give rise to the ureteric bud (Shawlot and Behringer 1995;
Tsang et al., 2000). Another study showed that in Lim/ mutant mice, differentiation of lateral
plate and intermediate mesoderm was affected, resulting in disorganized tissues and decreased
expression of Pax2 (Tsang et al., 2000). The presence of Pax2 expression in the mesonephros of
Wtl and Liml mouse mutants suggests that Pax2 acts upstream of Lim/ and W¢I (Bouchard et
al.,2002).

1.1.4.6 HNF1p

The transcription factor HNF 1, hepatocyte nuclear factor 1p, is highly expressed in the
kidney, liver, and pancreas. During mouse kidney development it is required for invasion of the
ureteric bud into the metanephric mesenchyme and for the mesenchymal to epithelial transition

required for nephron formation (Lokmane et al., 2010).

Conditional knock-out models for HNF'If show a range of phenotypes that depend on the
developmental time point of inactivation. When HNF'If is inactivated in the germline, it is
embryonic lethal. However, in HNFIf homozygous mutant mouse embryos the expression
patterns of Liml, Pax2, Gdnf and Ret expression are affected suggesting that HNFIf is important
during nephric duct differentiation, and ureteric bud branching through the control of Gdnf and
Ret signaling (Lokmane et al., 2010). Other studies have shown that inactivation of HNFIf in the

metanephric mesenchyme leads to the absence of proximal and distal tubules, and deformed S-
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shaped bodies in early nephron precursors (Massa et al., 2013). In humans, mutations in HNFIf
are associated with maturity-onset diabetes of the young (Edghill et al., 2013), and with kidney
malformations. Four mutations in HNFIf were previously identified in 73 children with

congenital kidney malformations (Thomas et al., 2011).

1.1.4.7 GRHL2

Grainyhead-like 2 (Grhl2) is a transcription factor important for epithelialization. Grhl2 is
involved in epithelial barrier formation, neural tube closure and tumor suppression (Narasimha et
al., 2008; Pifer etal., 2016). It also has a role in epidermis assembly, neural crest formation, and
wound healing. Furthermore, Grhl2 acts as a tumor suppressor by being involved in the
deregulation of epithelial to mesenchymal transition (Cieply et al., 2013). Grhl2 is expressed in
the nephric duct, the ureteric bud, and the collecting ducts in the kidney (Werth et al., 2010).
Homozygous mutant mice for Grhl2 have craniofacial and neural tube closure defects and die

during embryogenesis (Pyrgaki etal., 2011).

Aue and colleagues (2015) found that in Grh/2 deficient mice, the lumen of the nephric
duct at E10 fails to expand and in some mice it collapses (Aue et al., 2015). Functional analysis
using TER (transepithelial electrical resistance) in murine inner medullary collecting duct cells
(IMCD-3) showed that Grlh2 has a function in epithelial barrier formation and lumen expansion.
Grhl-2 acts as a transcriptional activator, activating Rab25 expression, a GTPase involved in
epithelial morphogenesis, Claudin-4, a tight junction protein, and Ovol2 (ovo-like 2 zinc finger
transcription factor), which are necessary for epithelial development and differentiation (Aue et

al., 2015).

The transcription factors, receptors, and signalling molecules described above are all
important for kidney development at different embryonic stages. The coordination of stage and
tissue-specific expression of these genes model and direct tissue movements that are critical for
kidney development. However, as previously mentioned, mutations in any of these particular
genes can result in developmental defects in the kidney, which are known, together with urinary

tract defects, as CAKUT (Congenital anomalies of the kidney and the urinary tract).
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1.2 CAKUT

1.2.1 What is CAKUT?

Congenital anomalies of the kidney and the urinary tract (CAKUT) are developmental
defects that affect the kidneys, the ureter and/or the urethra. CAKUT comprises a range of
heterogeneous phenotypes that result from different genetic and environmental factors. In

children, CAKUT is responsible for most cases of end-stage renal disease and it has an incidence

rate of around 1-6 per 1,000 live births (Harambat et al., 2012; Hildebrandt, 2010).

Although ultrasound imaging during pregnancy has facilitated the diagnosis of CAKUT,
there are cases that can remain undiagnosed (Capone et al., 2017). For instance, some forms of
CAKUT are clinically silent, in which the patient has no critical consequences during their whole
life and might never find out of the defect. The fact that some cases are not diagnosed might
suggest a higher incidence of CAKUT than what has been reported in the past. Knowledge of
mutations in specific genes can help the screening process in families with a history of the
disease. However, the variability and the incomplete penetrance of the CAKUT phenotypes has
made the screening process difficult. So far, there are no available targeted treatments other than
dialysis or a kidney transplant. Among the renal phenotypes seen in patients are hypoplasia,
dysplasia, agenesis, hydronephrosis, multicystic kidney, and horseshoe kidney (Nicolaou et al.,
2015). For the purpose of this thesis, we have focused on renal agenesis, hypoplasia, and

dysplasia (Figure 4).

1.2.2 Genetic Background

Renal agenesis is the absence of one (unilateral) or both (bilateral) kidneys. It is as rare as
1 in every 10,000 live births and when it occurs unilaterally it can be clinically silent. When it
occurs bilaterally it results in severe deficiency of amniotic fluid during pregnancy, which can
result in further malformations and lead to a lethal outcome (Hwang et al., 2014). Renal
hypoplasia is defined as a smaller kidney with a reduced number of nephrons. By ultrasound
imaging, renal hypoplasia might look the same as dysplasia, a renal mal formation in which
nephrons are not fully developed resulting in a smaller kidney composed of malformed or

undifferentiated tissue. Only a renal biopsy or a nephrectomy can establish if the tissue is
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hypoplastic or dysplastic (Sanna-Cherchi et al., 2007). All three of these phenotypes are
represented in Figure 4.

When finding the cause of CAKUT it is also important to consider that familial CAKUT
presents itself with a range of different phenotypes within a single family. Several families with
renal hypoplasia and dysplasia have been identified with autosomal dominant inheritance and
low penetrance (Bulum et al., 2013). However, not all family members are sequenced or
diagnosed. Here is when sequencing cohorts of patients becomes important for the discovery of

new mutations and in the diagnostic process.
1.2.2.1 Genetic Studies Approaches

1.2.2.1.1 Candidate Gene Studies

Mouse model studies have demonstrated the importance of several genes for kidney
development (Nicolaou et al., 2015). Screening of CAKUT patients for single genes that were
previously identified in mouse studies, has led to the identification of disease-causing mutations.
Mutations that caused similar phenotypes in patients as those seen in mouse models led to the
conclusion that CAKUT was a monogenic disease. Hence, it was previously thought that only a
handful of genes were responsible for renal and urinary tract malformations. Several studies with
candidate gene approaches showed a number of mutations in single genes in different patients
and in familial cases with renal and/or urinary tract phenotypes. Amongst these genes were BMP,
SIX2, EYAl, HNF1B, PAX2, GATA, and RET (Weber et al., 2006; Ruf et al., 2004; Nicolaou et
al., 2016; Thomas et al., 2011; Saisawatet al., 2012; Hwang et al., 2014).

Candidate gene approaches in familial cases led to the discovery of disease causing
mutations in single genes in different syndromes. An example of this is the mutational analysis
done in a family with optic nerve colobomas, renal hypoplasia, mild proteinuria, and
vesicoureteral reflux (Sanyanusin et al., 1995). The phenotype was the consequence of a single
nucleotide deletion in exon 5 in PAX2, causing the renal coloboma syndrome. Another example
is a pedigree study of a Norwegian family with mild diabetes, renal disease, and genital

malformations in which HNFIf mutations segregated with the phenotype (Lindner et al., 1999).
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To date, mutations in single genes have been identified in less than 12% of sequenced
CAKUT patients (Nicolaou et al., 2016). A study in 2013 suggests that familial cases only
account for a small percentage (10-20%) of all CAKUT, yet there is a high number of
undiagnosed relatives in families with CAKUT (Bulum et al., 2013). This suggests that
approximately 80% of cases will be due de novo or rare genetic mutations, environmental factors
only, or a combination of both environmental and genetic factors that are yet to be identified. In
order to start identifying all the genes contributing to CAKUT more efforts are put every year

into next-generation sequencing.
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Figure 4. CAKUT Phenotypes: Renal Agenesis, Hypoplasia and Dysplasia

Schematic of three different kidney malformation classifiedunder CAKUT. (a) Renal agenesis,

when one or both kidney are absent, due to potential developmental defects in nephric duct
elongation, ureteric bud branching or MET. (b) Kidney hypoplasia, underdevelopment of the
kidney which makes it smaller with fewer nephrons than a normal adult kidney. (¢) Kidney

dysplasia, similar in ultrasound to hypoplasia, is abnormal kidney tissue that can potentially lead

to formation of cysts.

32



1.2.2.1.1 Next-generation Sequencing

Defining the cause of CAKUT has been challenging because of its phenotypic and
genetic variability. Within a single family there is sometimes incomplete penetrance causing the
range and the expression of phenotypes to differ vastly between families and individuals
(Nicolaou, et al., 2015). Next-generation sequencing permits the rapid sequencing of genomes at
lower costs every year. With the increasing use of NGS technologies more patients and their
families are sequenced in the hope of finding disease-causing mutations. Although there is still
uncertainty with respect to the genetic causes of CAKUT, the effort on sequencing more patients

worldwide each year is increasing the number of variants discovered.

For instance, a study with targeted exome sequencing of 330 genes that included 55
candidate genes and 275 genes with no previous links to CAKUT, revealed 24 highly penetrant
pathogenic mutations in seven genes (Heidet et al., 2017). However, other studies suggest that
the number of sequenced variants is low in the CAKUT population and sequencing cohort
studies tend to have a small number of patients. In 2006, Weber et al. sequenced 99 unrelated
children with renal failure from renal hypoplasia or dysplasia for mutations in HNF1f, PAX2,
EYAI, SIX1,and SALLI. Only 15% of the patients harboured a mutation in one of these genes.
Mutations in SIX1, SALLI, and EYAI, were less frequently observed as compared to mutations in
HNFIB and PAX2 (Weber et al., 2006). Another study in a Japanese cohort, screened patients for
HNFI mutations. The results showed that only 5 out of 50 patients with CAKUT had genetic
alterations in HNF'1f, including deletions, and truncating mutations. Showing that 10% of cases

are explained by mutations in HNFIf or PAX2 (Nakayama et al., 2010).

In a similar study, a group at the University Medical Center Utrecht in The Netherlands
sequenced 208 candidate genes that were previously linked to CAKUT. They identified ~12,000
variants in 453 patients, the largest sequenced CAKUT cohort yet. After variant filtering based
on amino acid change and predicted sequence variance, 180 variants were confirmation by
Sanger sequencing. Only five variants in four different genes, PAX2, SIX5, HNF1f, and UMOD
(uromodulin) were considered fully penetrant and causal mutations of CAKUT (Nicolaou, et al.,

2016).
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Gene mutations may either account for some or all renal malformations, have an additive
effect to the already known mutations, or act as risk factors in combination with environmental
causes. There are few studies that look at the environmental factors affecting CAKUT patients,

but here are some of the most relevant.
1.2.3 Environmental Factors

Environmental factors can contribute to kidney malformations. Familial cases can arise
from heritable or common shared environmental factors, such as poverty or maternal nutrition.
For instance, in a case-control study in Colorado, prenatal environmental risk factors such as pre-
gestational maternal diabetes mellitus and maternal age were associated with renal agenesis
(Parikh et al. 2002). The risk for renal agenesis is known to be increased if the mother is less
than 18 years old or over 35 years old. Other environmental risk factors for CAKUT include
maternal obesity and excessive maternal alcohol consumption (Woroniecki, et al., 2012).
Another study in Canada looked at the difference between pre-gestational and gestational
exposure to diabetes mellitus as a risk factor for developing CAKUT. The conclusion was that
exposure to diabetes in the first 20 weeks of pregnancy is associated with CAKUT (Dart et al.,
2015).

Even though there have been mouse models, candidate approach studies, sequencing of
many cohorts, and environmental approaches, there is still no certainty of what are the causal
factors of CAKUT. Sequencing studies demonstrate that the number of mutations associated
with CAKUT are low, and that cohort size is an important factor. The sequencing results vary
from one study to the other, and there are few single inherited gene mutations that lead to renal
malformations. Most studies also lack further statistical analysis and functional studies to support
the true pathogenicity of the mutations. There are several genes that have been shown to be
important during kidney development, but have yet to be linked to CAKUT. For this reason, it is

important to continue sequencing patients for new candidate genes.

For my thesis project, I sequenced patients with renal dysplasia, agenesis, and hypoplasia
for mutations in claudins, proteins that have been found to have an important role in epithelial
barrier and tubule formation, as well as in tissue morphogenesis during development (Bagnat et
al., 2007; Moriwaki et el., 2007; Sun et al., 2015; Baumholtz et al., 2017). Claudins are essential
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for the formation and maintenance of tight junctions, and have been shown to regulate
morphogenesis in different epithelial structures. In order to understand the role and the
interactions of claudins in the tight junction, it is necessary to first understand the tight junction

and its components.

1.3 Tight Junctions

Tight junctions are the most apical junctional complex that comprises the contact points
between epithelial cells. They were first identified by electron microscopy (EM) (Farquhar and
Palade, 1963). In freeze-fracture electron micrographs, tight junctions appear as continuous
intramembranous strands or fibrils in the protoplasmic (P) face (Stachelin, 1973). These apical
“kissing points,” are important for regulating cell polarity, paracellular transport and

permeability, as well as cell adhesion (Fromter and Diamond, 1972).

1.3.1 Tight Junctions and Polarity

Cell polarity allows the organization of the cytoskeleton and the membrane. It prevents
the mixing of apical and basal components by forming compartments along the apical and basal
side of the cell (Saitou et al., 1998). Tight junctions are the fence mechanism that prevents the
mixing of lipid and protein components in the plasma membrane, by restricting them to either the
apical or basolateral domain to maintain cell polarity (Schneeberger and Lynch, 1992). Tight

junctions also act as gates to regulate the paracellular movement of ions and molecules.

A structure such as the nephric duct, is built by mesenchymal cells that acquire
polarization, and epithelialize into a tube with a single lumen. Apical-basal polarity of epithelial
cells in the nephric duct, acquired during MET, helps the formation of the central lumen
(Andrew and Ewald, 2010). Different molecular signalling cues drive epithelialization,
maintaining the structure of the nephric duct as it elongates and forms the lumen. Once the
nephric duct is polarized, it will start to elongate. The elongation process is induced by dividing

cells and migratory cells with forward-oriented protrusions (Guioli et al., 2007).

During branching morphogenesis, bifurcation of the ureteric bud occurs by elongation of
the bud into a continuous epithelium with an open luminal space (Sawyer et al., 2010). Cell

polarity regulates apical constriction through different pathways. It requires the localization of
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GTPase RhoA at the apical side, which activate ROCK, phosphorylating myosin regulatory light
chains. Myosin induces the contraction of the actin cytoskeleton, which results in reduction of

the surface area at the apical side, resulting in apical constriction (Martin and Goldstein, 2014).

1.3.2 Tight Junctions and Permeability

Tight junctions regulate permeability of epithelial cell layers and act as barriers
controlling the movement of water and ions through the paracellular space between epithelial
cells (Van Meer and Simons, 1986). While there are other transporters and proteins in the apical
and basolateral membrane necessary for active transport across the cell, the tight junctions
control paracellular transport (Weber, 2012). Claudins, tight junction membrane proteins, have
been shown to have an important role in determining the characteristics and permeability of the
barrier and the different selectivity properties between epithelial cell layers in different tissues

(Angelow et al., 2008).

Tight junctions regulate ion conductance through pores that can open and close. Several
proteins within the tight junction complex form channels that are selective to specific anions or
cations, allowing the flow of specific molecules acrossthe paracellular space (Van Itallie and
Anderson, 2006). Altering the protein composition of the tight junction has major effects on
permeability and barrier properties of the tight junction that do not necessarily disrupt its
structural composition (Weber, 2012). Tight junctions are dynamic in their functionality and
capable of making a distinction in charge and size when regulating the passage of ions and

molecules through the paracellular space.
1.3.3 Tight Junctions and Adherens Junctions

In epithelial cells, cell-to-cell contact is achieved through different cell adhesion proteins
at the junctions. Cadherins, a calcium dependent type-1 transmembrane protein, are necessary for
the assembly of adherens junctions and desmosomes. Both are contact points between cells
located below the tight junction (Geiger, 1987). Adherens junctions mediate cell adhesion
through interaction of cadherin family members, such as transmembrane glycoproteins like E-

cadherins and a-catenins (Hartsock and Nelson, 2008). To ensure stable interactions, cadherins
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accumulate at the adherens junction and then spread laterally to help form the mature adherens

junction (Yap et al., 1998).

There are other protein complexes that form and maintain adherens junctions. For
instance, nectins, which recruit cadherins, are calcium-independent cell adhesion molecules that
contain three immunoglobin domains. It has been shown that nectins form cell-to-cell contacts
and then recruit cadherins to form the adherens junction. Nectins have also been shown to
mediate the formation of tight junctions (Takai et al., 2003; Yano et al., 2017). Other proteins
include GTPases, such as TARA, an actin-binding protein that activates TRIO. TRIO then
activates Rac, which induces actin polymerization, a process that is also induced by other protein

complexes such as ARP2/3 (Anderson and Van, 2009).

Adherens junctions and tight junctions are comprised of protein complexes. Contact
points between epithelial cells are achieved through extracellular domains of transmembrane
proteins and their intracellular link to the actin cytoskeleton. Transmembrane proteins participate
in signalling pathways, including the regulation of gene transcription (Hartsock and Nelson,
2008). In order for the tight junction to assemble, the adherens junction needs to form first, due
to E-cadherin recruitment promoting actin organization and apical-basal polarity (Gumbiner et

al., 1988).

1.3.4 Tight Junction Proteins

1.3.4.1 ZO-1

The first protein identified to be part of the junctional complex, was Zona occludens-1
(ZO-1), a peripheral membrane protein (Stevenson et al., 1986). ZO proteins (ZO-1, ZO-2, and
Z0-3) are characterized by a PDZ binding domain, a SH3 domain and a guanylate kinase
homologous domain (Hartsock and Nelson, 2008). ZO-1 and ZO-3 have been shown to bind
to a-catenin, while ZO-1 and ZO-2 bind directly to occludin, another tight junction protein. ZO
proteins also bind to adherens junction proteins such as cadherins (Itoh et al., 1999), and some
Z0 proteins, such as ZO-1 can bind individually to ZO-2 or ZO-3, but there is no known
complex formed between ZO-2 and ZO-3 (Utepbergenov et al., 2006). ZO proteins serve
primarily as scaffolding proteins that link tight junction transmembrane proteins, such as

claudins, occludins, and JAMs (junctional adhesion molecules) to the cytoplasmic cytoskeleton
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and mediate the interaction with other cytoplasmic proteins (Rajasekaran et al., 1996; Haskins et

al., 1998).

1.3.4.2 Occludin

Occludin was first characterized in the chicken as an integral membrane protein localized
to the tight junction in epithelial and endothelial cells (Furuse et al., 1993). Occludin has a
molecular mass of 60-65 kDa. It contains four transmembrane domains, NH;- and COOH-
cytoplasmic domains, and the COOH-terminal tail contains a ZO-1 binding site. There are two
isoforms that result from alternative splicing of the same transcript (occludin and occludin 1B).
There are no differences in their tissue distributions, however, they differ in their functionality

and are distinctly regulated (Muresan et al., 2000).

It was previously shown that occludin was involved in both barrier, as well as cell
adhesion functions of the tight junction (Balda et al., 1996; Van Itallie and Anderson, 1997).
However, later studies showed that Occludin null-mice had no barrier dysfunction in tight
junctions. These mice did show other phenotypes, including growth retardation, gastric
epithelium inflammation and hyperplasia, absence of cytoplasmic granules in duct cells of the

salivary gland, and calcification in the brain and testicle atrophy (Saitou et al., 2000).

Even though occludins have a role in cell adhesion, they are not necessary for tight
junction formation (Wong and Gumbiner, 1997). Evidence for this statement comes from a study
done using embryonic stem cells deficient in occludin. Once these cells were put in suspension
culture, both the wildtype and occludin-deficient cells formed cystic embryoid bodies in a similar
time period. Analyses showed that there was no difference in the composition of the tight
junction between wildtype and occludin-deficient cells, and in both cell lines, ZO-1 localized to

the tight junction (Saitou et al., 1998).
1.3.4.3 JAMs

Junctional adhesion molecules (JAMs) are transmembrane glycoproteins that localize to
the tight junction. JAMs are part of the immunoglobulin superfamily, with two immunoglobulin-
like domains, one transmembrane domain, and one cytoplasmic tail containing a PDZ domain
(Garrido-Urbani et al., 2014). Through the PDZ binding domain, JAMs interact with polarity
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complex proteins and interact with other tight junction associated proteins, regulating the
acquisition of cell polarity (Liang et al., 2000). In a study in 2001, JAMs were found to bind to
Z0-1 and PAR3, a polarity protein, directly through its PDZ binding domain. Similar to
occludin, JAMs fail to induce tight junction formation when introduced in L fibroblasts (Itoh et
al., 2001). In another study, JAMs were shown to participate in cell-to-cell adhesion as well as in

the regulation of leukocyte migration in the immune system (Liu et al., 2000).

1.4 Claudins

Claudins are a family of integral transmembrane proteins important in regulating tissue
morphogenesis during embryonic development. Of all the proteins that comprise the tight
junction, claudins are the only ones necessary to form and maintain the tight junction (Furuse et
al., 1998). Claudins determine the permeability and barrier properties of the tight junction. Some
claudins are known to form channels to allow the passage of specific ions, and others help seal
the paracellular space by acting as a barrier. Depending on the claudin composition, the tight

junction becomes ‘leaky” or "tight” to the pass of specific ions and molecules.

1.4.1 Claudin Structure

To date there have been 24 family members identified in humans, 25 in mice, and 17 in
chicken. Claudins range in size from 18 to 27 kDa, and contain two extracellular loops, four
transmembrane domains, and N-terminal and C-terminal cytoplasmic domains. The first
extracellular loop contains approximately 50 residues, including a highly conserved motif that
regulates ion-selectivity. The second extracellular loop is shorter, between 16 and 33 amino
acids, and interacts both, homotypically and heterotypically with other claudins (Furuse et al.,
1999). The four hydrophobic transmembrane domains contribute to cis-interactions within the
apical membrane, and the C-terminal tail allows for interaction with other proteins at the tight
junction cytoplasmic plaque. The C-terminus contains a terminal peptide sequence YV that binds
to the PDZ domain of other proteins (Figure 5). Including ZO-1, ZO-2 and ZO-3, which links the
tight junction to the actin cytoskeleton (Krause et al., 2008; Findley and Koval, 2009).
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1.4.2 Claudin Post-translational Modifications

1.4.2.1 Phosphorylation

Claudins are regulated through different mechanisms. Posttranslational modifications,
such as phosphorylation have been shown to regulate claudin localization and tight junction
assembly. Non-conserved residues in the C-terminal tail of claudins are phosphorylated by
different kinases. For instance, phosphorylation by Protein Kinase A decreases the assembly of
Claudin-3 into tight junctions (D'Souza et al., 2005), but it is necessary for the assembly of
Claudin-16 into the tight junction (Banan et al., 2005). While phosphorylation of Claudin-1 by
aPKC and PKA was found to induce its assembly into the tight junction (French et al., 2009),
dephosphorylation of Claudin-1 by PP2A (protein phosphatase 2) increases barrier permeability
(Nunbhakdi-Craig et al., 2002). In another study, overexpression of Claudin-1 on the right side
of the embryo alters the direction of heart looping, a mechanism driven by PKC phosphorylation
in the C-terminal tail of Claudin-1 (Simard et al., 2006).

Phosphorylation of claudins is important for tight junction formation, maintenance, and
permeability. For example, phosphorylation by myosin light chain kinase (MLCK) and rho
kinases is associated with changes in the permeability properties of tight junctions (Turner et al.,
1999). EphA2 was shown to phosphorylate a tyrosine in the Claudin-4 tail, decreasing its
interaction with ZO-1 and hence reducing Claudin-4 localization to the tight junction and
enhancing paracellular permeability (Tanaka at el., 2005). The outcome of phosphorylation is
dependent on the Claudin that is being modified, the position of the amino acid and the kinase

involved.
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Figure 5. Schematic of Claudin Structure

Claudins are composed of two extracellular loops (EL1 and EL2), four transmembrane domains
(TM1, TM2, TM3, TM4), and N-terminal (NH2) and C-terminal (COOH) cytoplasmic domains.
ELI has conserved amino acids that regulate ion selectivity, while EL2 participates in
oligomerization with other claudins and in some members it is has a sequence recognized by C-
CPE (C-terminal domain of Clostridium perfringens enterotoxin). The C-terminal tail interacts
with other tight junction proteins, contains phosphorylation sites (yellow), and a binding domain
(YV) for PDZ binding proteins. Palmitoylation sites are located in the intracellular domains.
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1.4.2.2 Palmitoylation

Palmitoylation is the addition of a fatty acid such as palmitic acid to cysteine residues.
Palmitoylation can influence claudin protein interactions andtight junction localization. For
instance, Claudin-14 has different sites of palmitoylation at cysteines after the second and fourth
transmembrane domains (Van Itallie et al., 2005). Mutating the cysteines in Claudin-14 did not
affect the ability of the protein to localize to cell-cell contacts, but it did not localize properly to
the tight junction. Palmitoylation occurs in other claudins as well, Claudin-1, -2, -3, and -4,

where it is required for their localization to the tight junction (Van Itallie et al., 2005).

1.4.3 Claudin Interactions

As mentioned above, claudins have residues that can be modified to affect their
interactions with other proteins and/or promote the integration of claudins within tight junctions.
Claudin posttranslational modifications can also regulate paracellular permeability, or tight
junction formation. The following are some of the interactions that occur between claudins and
other proteins required to maintain tight junction function. Claudin PDZ binding motifs allow for
the interaction with scaffolding proteins associated with the tight junction. Through this domain,
most claudins interact with ZO-1 and ZO-2 (claudin-8 can also interact with ZO-3), linking the
tight junction to the actin cytoskeleton (Figure 6). Other tight junction-associated proteins
include MUPP1, multi-PDZ domain protein 1, which interacts with Claudin-1, -3, -8, and -14
(Jeansonne et al., 2003; Hamazaki et al., 2002). MUPP1 contains 13 PDZ binding domains, and
has been found to also interact with JAMs through these domains. By immunofluorescence
analysis, MUPP1 localizes exclusively to the tight junctions in polarized epithelial cells. Due to
its localization and binding affinities, MUPP1 is thought to act as a scaffold protein recruiting
claudins and JAMs to the tight junction (Hamazaki et al., 2002). A third protein interactor of
claudins is occludin. According to a study that developed a peptide designed with the last part of
the residues in the first extracellular loop of Claudin-1 was able to disrupt the tight junction and
increase paracellular permeability in vivo. It was observed that this Claudin-1-derived peptide

interacted with both Claudin-1, and occludin (Mrsny et al., 2008).

Claudin family members participate in homo- and heterotypic interactions in both cis and

trans (Furuse et al., 1999). Cis interactions occur between claudins on the lateral side of the same
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cell, and trans occur between claudins on opposing cells. Examples of cis heterotypic
interactions are Claudin-16 with -19 and between Claudin-4 and -8 (Hou et al., 2010). Knock-
down of Claudin-19 and Claudin-16 in mice demonstrated them to be interacting partners
necessary for their assembly into the tight junction (Hou et al., 2009). In mouse kidney inner
medullary collecting duct cells (mIMCD-3), Claudin-4 acts as a paracellular chloride channel
and interacts with Claudin-8. When Claudin-8 is depleted from the tight junction, Claudin-4 fails
to assemble into the tight junction, which leads to a reduction in chloride conductance (Hou et

al., 2010).

Trans interactions have also been shown between different claudins. Heterotypic
interactions are rare among claudins, but homotypic interactions occur between Claudin-1, -2,
and -3. These interactions occur through both the first and the second extracellular loops (Furuse,
etal., 1999). Studies showed that changing a single amino acid in a highly conserved region in
the first extracellular loop of Claudin-3 to make it a Claudin-4 amino acid, induced heterotypic
binding between two claudins, which do not normally interact. Suggesting that conserved

residues in the first extracellular loop are capable of controlling claudin-claudin interactions

(Daugherty et al., 2007).

Amino acids in the second extracellular loop have been shown to be important for
claudin-claudin interactions. The second extracellular loop is involved in tight junction assembly
through the trans interactions of claudins. Interactions between claudins in tight junctions
(Piontek et al., 2008), as well as claudin composition, and pore formation control barrier
properties and selectivity (Mrsny et al., 2008). This may explain why claudins have different
expression patterns in different epithelial tissues during development. Here are some of the most

important expression patterns of claudins in development, and their functions in the kidney.

1.4.4 Claudins in Development

Claudins are expressed throughout development and in adult life in different epithelial
tissues, such as the testes, gall bladder, lungs, liver, and skin among others. Different groups of
claudins are expressed in different tissues, and the combination of claudins present in an

epithelial layer determines its barrier properties (Furuse et al., 2002). In the kidney, each nephron
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Figure 6. Claudin Protein Interactions at the Tight Junction

Diagram shows the claudin interactions at the tight junction. Claudins (red and dark blue)
interact through the C-terminal tail with PDZ domain adaptor proteins such as MUPP1 (pink)
and ZO-1 (orange). PDZ adaptor proteins help link the tight junction to the actin cytoskeleton.
Tight junction protein JAM (dark green) also interacts with MUPP1 and ZO-1. Cell nucleus is
light blue.
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segment has a particular combination of claudins. At the proximal end the paracellular space 1s
more permeable as it allows the reabsorption of different ions, in contrast, at the distal part of the
nephron, the paracellular space becomes tighter to prevent the loss of important ions. For
instance, Claudin-2 forms a cation pore in the proximal tubule, where it regulates sodium
reabsorption. Claudin-8, however, is a sealing claudin, expressed in the distal tubule and
collecting duct, preventing the loss of sodium and potassium that are actively transcellularly
transported (Angelow et al., 2008). Alternative splicing of some claudins yields two different
isoforms with different properties. For example, Claudin-10a is anion-selective and expressed in
the renal tubules in the cortex, while Claudin-10b is cation selective and expressed in the
medulla. The importance of claudins in regulating the permeability and barrier properties in the

renal tubules is supported by knock-out and knock-down of claudins in mouse models.
1.4.5 Claudin Knock-out Models

A summary of the claudin knock-out mouse models is provided in Table 2. Knock-out
and knock-down mouse models for Claudins-4, -10, -14, -16, and -19 have been the only ones
shown to have an important role in physiology of the kidney (Fuyjita et al., 2012; Breiderhoff et
al., 2012; Ben-Yosef et al., 2003; Hou et al., 2007; Hou et al., 2005).

Claudin-4 null mice designed by Fuyjita and colleagues develop hydronephrosis
(accumulation of urine that swells up the kidney) at 10 months of age (Fujita et al., 2012). These
mice had an increase in the urinary excretion of calcium and chloride, suggesting a role of
Claudin-4 for the paracellular reabsorption of these ions. The tight junction structure was not
affected, but the level of Claudin-8 at the tight junction was decreased and that of Claudin-3 was
increased (Fujita et al., 2012). Mice with a Claudin-10 deletion develop nephrocalcinosis
determined by medullary calcium deposits. Hypomagnesemia (low level of magnesium in the
blood) was also detected, due to the altered paracellular permeability in the thick ascending limb

(TAL) of the kidney where Claudin-10 is expressed (Breiderhoff et al.,2012).

The generation of a Claudin-14 null mouse helped to understand the importance of this
Claudin in the kidney. Claudin-14 is expressed in the TAL in mouse kindey and it acts as a
Claudin-14 can interact with Claudin-16 and with itself, but not with Claudin-19 (Gong et al.,
2012). Claudin-16 and -19 are known to interact in the TAL, and Claudin-14 is able to integrate
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into this complex to block the paracellular cation channel formed by Claudin-16 and -19 that is
necessary for calcium reabsorption. Claudin-14 levels also increase under a calcium rich diet.
Under this dietary condition, Claudin-14 knock-out mice develop hypermagnesaemia, and low
levels of calcium in the urine, demonstrating the importance of Claudin-14 for calcium and

magnesium homeostasis in the kidney (Gong et al., 2012).

Using RNA interference, Hou and colleagues generated a Claudin- 16 knock-down mouse
model (Hou et al., 2007). Claudin-16 deficient mice develop nephrocalcinosis and urinary
wasting of magnesium and calcium, a characteristic seen in a rare human syndrome known as
familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHN). The loss of
Claudin-16 decreases the cation selectivity of the tight junctions in the TAL (Hou et al., 2007).
Similar to Claudin-16, Claudin-19 facilitates calcium reabsorption in the TAL. siRNA knock-
down of Claudin-19 in mice resulted in decreased Claudin-16 in tight junctions in the TAL,
without decreasing its expression level. Deficiency of Claudin-16 produced a loss of Claudin-19
at the tight junction. It was shown that Claudin-16 oligomerizes with Claudin-19 and their
interaction is necessary for their assembly into the tight junction in the TAL (Hou et al., 2009).
Claudin-19 deficient mice exhibit similar urinary wasting as that observed in Claudin-16 knock-
out mice, replicating FHHN (Hou et al., 2007). Given the importance of claudins in the kidney,
this led to the search for mutations in claudin loci in patients with CAKUT.
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Claudin Phenotypes Reference
Claudin-1 Wgter lqss and dehydration through Furuse et al., 2002
epidermis
Claudin-2 Hypercalciuric Muto et al., 2010
Claudin-4 Urothelial Hyperplasia and hydronephrosis | Fuyjita et al., 2012
Claudin-5 Defects in blood brain barrier Nitta et al., 2003
Claudin-7 Chronic dehydration and salt wasting Tatum et al., 2010
(C;l(?rlllgil‘:iloial Hypotepsion, hypokalemia, and metabolic Gong Y etal., 2015
alkalosis
KO)
Claudin-9 Deafness-loss of sensory hair cells Nakano et al., 2009
Claudin-10 Hypermagnesemia and nephrocalcinosis Breiderhoff et al., 2012
Tiwari-Wooddruff et al., 2001.
Claudin-11 Male sterility and deafness Gow et al., 2004. Furuse et al.,
2009
Claudin-14 Hypermagne'ser'nia, hypocalciuria, and Ben-Yosef et al., 2003. Gong et
hypomagnesiuria al., 2012
Claudin-15 Mega-intestine phenotype Tamura et al., 2008
Claudin-16 Hypomagnesemia, hypocalciuria, and
(knock-down) ne}g)hrocfllinosis P Hou et al., 2007
Claudin-18 Impaired alyeolarization and increased Lafemina et a}., 2014. Li et al,
alveolar fluid clearance 2014. Hayashi et al., 2012
Claudin-19 Hypomagnesemia, hypocalciuria, and Miyamoto et al., 2005. Will et al.,
(knock-down) | nephrocalcinosis 2010

Table 2. Mouse Phenotypes in Claudin Knock-out and Knock-down Models
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1.4.6 Human Mutations in CLDN Loci are Associated with Kidney Disease

Several claudins have been implicated in human diseases. To date there have been 28
different mutations found in CLDNI6 in patients with familial hypomagnesemia, hypercalciuria
and nephrocalcinosis (FHHNC) (Giinzel et al., 2009). Most mutations in CLDN16 are found in
the first and second extracellular loops in conserved amino acids (Kang et al., 2005). CLDN16 is
expressed in the thick ascending limb of the loop of Henle and the distal convoluted tubule,
where it is involved in calcium and magnesium reabsorption. FHHNC is characterized by urinary
wasting of magnesium and calcium, deposition of calcium in the kidneys, and in some cases

renal failure.

Mutations in CLDN19 have also been found in patients with FHHNC with ocular defects
(Konrad et al., 2006). The main clinical features observed in these patients are hypomagnesimia,
renal failure, and ocular anomalies. Claudin-19 is highly expressed in renal tubules, in the thick
and thin ascending limb, as well as in the retina. The mutations found in CLDN19 appear to
interfere with protein trafficking and the assembly of Claudin-19 into the tight junction (Konrad
etal., 2000).

Mutations in CLDNI4 have also been found in patients with kidney disease. Claudin-14
interacts with Claudin-16 and 19 to decrease the paracellular permeability to sodium. Claudin-14
regulates calcium reabsorption and it is expressed in the thick ascending limb (Gong et al.,
2012). In a genome-wide association study with a cohort from The Netherlands, common and
synonymous variants in CLDN14 were associated with a higher risk for developing kidney
stones and with reduced bone mineral density (Thorleifsson et al., 2009). Mutations in CLDN14
were also identified in patients with a rare autosomal non-syndromic deafness (DFNB29)

(Wilcox et al., 2001).

Claudin mutations in patients with kidney disease has shed light on the importance of the
different claudin expression patterns in the TAL of the nephron for the homeostasis of
reabsorption of ions and urine production. They also implicate the importance of certain residues

for claudin interactions, assembly to the tight junction, and trafficking in the TAL.
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Human mutations and knock-out/knock-down mouse models have shown that claudins
regulate permeability properties. However, none of the knock-out or knock-down mouse models
have morphological or developmental kidney phenotypes. This might be due to functional
redundancy in the claudin family, in which case more than one claudin would need to be
removed in order to replicate a CAKUT phenotype. For this reason, our lab has taken an

approach to remove a subset of claudins from the tight junction using the C-CPE peptide.

1.5 C-CPE

Clostridium perfringens is a bacteria that causes food poisoning in humans by forming a
pore in the epithelium of the intestine (Katahira et al., 1997; Lindstrom et al., 2011). Clostridium
perfringens enterotoxin (CPE) binds to receptors in the tight junctions of the intestine. Claudins
have been previously identified to be one of these receptors. CPE binds to the second
extracellular loop of a subset of claudins, including Claudin-3, -4, -6, -7, -8, -14, with different
affinities (Fuyjita et al., 2000; Winkler et al., 2009; Robertson et al., 2010). Once it binds to a
claudin, it forms a complex that creates a pore, damaging cell permeability and causing calcium
influx, inducing cell death (Lindstrém et al., 2011). CPE is a protein with a molecular weight of
around 35 kDa, its C-terminus contains a claudin binding domain and its N-terminal domain
regulates membrane permeability. In brief, the COOH- domain binds to claudins and facilitates

formation of a pore through its NH,- domain (Fujita et al., 2000).

In the search for a tool that can modify tight junction barriers at the cellular level to
increase or decrease epithelial permeability for drug target delivery, several studies have focused
on a peptide that can bind directly to claudins without causing cell death. C-CPE (C-terminal
domain of the CPE) was first identified in 1997, by separating the N-terminal region from the C-
terminal region of CPE (Katahira et al., 1997). The C-terminal domain in C-CPE binds to the
second extracellular loop of claudins and is able to remove them from the tight junction without
causing cell death (Kondoh et al., 2006). When C-CPE was used to target Claudin-4 and -6 in the
mouse, blastocyst formation was inhibited due to a decrease in hydrostatic pressure (Moriwaki at
al., 2007). However, neither Claudin-4 nor -6 null mice exhibit a blastocyst phenotype, which
supports the idea of functional redundancy among claudin family members (Fuyjita et al., 2012)

(Anderson et al., 2008).

49



Our group has used C-CPE to remove claudins from tight junctions in cells and in the
chick embryo, as a tool to examine the role of claudins in epithelial barrier formation and
development. In claudin-transfected HEK293 cells treated with C-CPE, claudins are removed
from the tight junction after 5 hours of treatment (Baumholtz unpublished). When measuring
TER (transepithelial resistance) in MDCK cells, C-CPE affects tight junction maintenance. Other
experiments in our laboratory using C-CPE have also helped demonstrate the importance of

claudins in development.

For instance, targeted removal of Claudin-3, -4, and -8 in the neural and non-neural
ectoderm with C-CPE caused open neural tube in chick embryos (Baumholtz et al., 2017). In the
kidney, culturing mouse kidney explants in media containing C-CPE caused a decrease in
branching morphogenesis (Figure 7) (Khairallah, 2013). In the nephric duct, C-CPE soaked
agarose beads were implanted adjacent to 10" somite into the chick embryo. C-CPE inhibited the
elongation of the nephric duct (Figure 8) (Simard, 2014). These studies with C-CPE demonstrate
a role for claudins in nephric duct elongation and ureteric bud branching. For this reason, we

sequenced patients with kidney malformations in the search for CLDN mutations.
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Figure 7. C-CPE Treatment Inhibits Branching Morphogenesis in Explanted Mouse
Kidneys

Hoxb7/GFP+/- transgenic E12.5 mouse kidneys cultured in media with C-CPE and GST
(control). To obtain embryos that expressed green fluorescent protein (GFP) in the nephric duct,
the ureteric bud, and ureteric bud derivatives, Hoxb7/GFP+/- transgenic males were mated with
CDI1 females. After Day 1 there starts to be a delay in branching, with less branching points
(ureteric buds). This defect becomes more prominent by Day 3. The C-CPE treated kidney has
less branching tips and less branching events compared to the GST treated kidney (Khairallah,
2013).

51



Implanted
Bead

C-CPE GST

Figure 8. C-CPE Soaked Bead Treatment Inhibit Chick Nephric Duct Elongation

In the left panel on the top a whole HH10 chick embryo with C-CPE soaked bead (white dashed
circle) adjacent to the 10" somite in the left duct, ventral view. Lim!/ mRNA antisense probe was
used as a marker of the nephric duct. In the middle a whole embryo at HH12 after incubation at
39°C with C-CPE soaked bead for 24h. Only the right side nephric duct (red arrowhead) (dorsal
view) was treated with the bead. In situ hybridization with Lim/ shows no staining on the right
duct compared to the left duct (blue arrow). In the top right panel a GST soaked bead treated
embryo at HH12 after incubation at 39°C with bead for 24h. Only the right duct (dorsal view)
was treated. In situ hybridization with Lim/ shows staining of both ducts (blue arrows). (d)
Transverse section through whole embryo at HH12 with absent left duct. (d”) Magnification of
the left duct in transverse section showing complete absence of duct tissue. (d’’) Magnified
image of the right duct (Simard, 2014).
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1.6 Hypothesis and Objectives

1.6.1 Hypothesis

Claudins are necessary to establish and maintain tight junctions in epithelial structures
during kidney development by playing a role in regulating epithelial cell organization. C-CPE
experiments have demonstrated that claudins are important in regulating nephric duct elongation
and branching morphogenesis. Based on these data, I hypothesize that C-CPE-sensitive claudins
expressed in the nephric duct and ureteric bud are important for kidney development.
Consequently, CLDN sequence variants in patients with congenital kidney malformations will

disrupt nephric duct elongation and ureteric bud branching resulting in kidney malformations.

1.6.2 Objectives

1.6.2.1 Objective 1: Characterization C-CPE-Sensitive Claudins

To address the hypothesis, I first performed whole mount in situ hybridization to
characterize the expression pattern of C-CPE-sensitive claudins in the chick nephric duct. In
order to address branching morphogenesis, I used the mouse as a model, due to the easy
visualization of branching in the embryonic kidney. Only Claudin-4 and -14 antisense probes
were analyzed in the mouse embryos to complete data generated by a previous graduate student
in the laboratory. To assess protein expression in the nephric duct, I performed Claudin-3

immunofluorescence in sections from chick embryos.

1.6.2.2 Objective 2: Analysis of CLDN Sequence Variants in Patients with Kidney

Malformations

In order to search for potentially deleterious variants in humans, a cohort of 96 patients
from the NIH-sponsored Chronic Kidney Disease in Children (CKiD) study was exon-sequenced
using next-generation technologies. DNA samples were obtained from 96 children between the
ages of 1 and 16. Each patient had either kidney dysplasia, hypoplasia, or agenesis. Common,
rare and novel variants were gathered; rare and novel variants were validated and analyzed

through mutation assessment in silico prediction software.
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1.6.2.3 Objective 3: Functional Studies of CLDN Variants

Two of the variants that were predicted to be detrimental for the protein function were
tested. To test the functionality of the variants I cloned them into an RCAS vector. RCAS is an
avian retroviral vector derived from a strain of Rous sarcoma virus (Hughes, 2004). Retroviral
particles overexpressing the variants and the wildtype claudins were injected directly into cells
adjacent to the 10'" somite of the chick embryo. An empty GFP-expressing RCAS was used as a

control. Elongation of the duct was assessed using an antisense riboprobe to Lim].
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CHAPTER II: Materials and Methods

2.1 Preparation of Sense and Antisense Riboprobes

Sense and antisense riboprobes for in situ hybridization analysis were made using
linearized DNA. Plasmids containing chick or mouse claudin cDNA were digested with specific
restriction enzymes to linearize the plasmid as shown in Table 3. Sense and antisense riboprobes
were made using RNA polymerase T7, T3 or Sp6 according to the construct. Gene transcription
for the riboprobe preparation was done by a setting up a reaction with 2ul of 10X transcription
buffer, 2ul of 100Mm DTT (dithiothreitol), 0.5ul of RNaseOUT (Thermo Fisher), 2l of DIG
(digoxigenin-UTP) RNA labelling mix 10X (Roche), 1pg of the linearized DNA, 1pl of the
RNA polymerase and RNase free water. The reaction was left in a 37°C water bath for 2h, and
then 1ul of RNase-free DNase (Promega) was added to the solution and the incubated for 10
more minutes at 37°C. To precipitate the RNA 1ul of 0.5M EDTA, 1.3ul of 7.5M LiCl and 55ul
of 100% ethanol were added to the riboprobe solution and left at -80°C for 1h. Then, it was
centrifuged at 13000rpm at 4°C for 30 minutes. The pellet was left to dry and resuspended in
20ul of 0.1M DTT. The 20ul were then added to a hybridization solution (50% formamide, 5X
saline sodium citrate buffer (SSC) pHS, 50ug/ml yeast tRNA, 1% sodium dodecyl sulfate (SDS)
and 50pg/ml heparin). The amount of hybridization solution added was determined by running

1l of the riboprobe solution in a 1% agarose gel.

2.2 Collection of Mouse and Chick Embryos for Whole Mount /n Situ Hybridization

Mouse embryos were collected from CDI1 pregnant mice at embryonic day (E) 10.5,
E13.5 and E16.5. Embryos were dissected in a petri dish containing a 1X PBS (phosphate
buffered saline) solution and rinsed twice. Fertilized chicken eggs (Couvoir Simetin, St-Canut,
Quebec) were incubated at 39°C until they reached the desired stage at which point embryos
were removed from the egg. Both mouse and chick embryos were fixed overnight at 4°C in 4%
PFA (paraformaldehyde)-PBS. They were then washed twice for 5 minutes in 1X PBT
(phosphate buffered saline with 0.1% Tween-20) and then dehydrated in consecutive 5-10
minute washes of PBT:methanol (3:1, 1:1, 1:3) and a final wash of 100% methanol. The

dehydrated embryos were stored in methanol at -20°C.
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cDNA insert | Plasmid vector Antisense Riboprobe Sense Riboprobe
Restriction RNA Restriction RNA
Enzyme Polymerase Enzyme Polymerase
Chick
pBluescript KS Notl T3 Xhol T7
Claudin-1
Chick
pBluescript KS Xhol T7 Notl T3
Claudin-3
Chick
pCanHA3 BamHI Sp6 Notl T7
Claudin-4
Chick
pSC-A vector BamHI T3 HindIII T7
Claudin-8
Chick .
pSC-A vector BamHI T3 HindIII T7
Claudin-14
Mouse )
pSC-A vector BamHI T3 HindIII T7
Claudin-4
Mouse
pSC-A vector BamHI T3 HindIII T7
Claudin-14

Table 3. Restriction Digest Enzyme for the Linearization of Chick and Mouse Claudin
c¢DNA Vectors and RNA Polymerase Used for Riboprobe Synthesis
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2.3 Whole Mount /n Situ Hybridization

In situ hybridization was performed according to a previous described procedure (Collins
and Ryan, 2011). Embryos were rehydrated in consecutive 5-10 minute washes of PBT:methanol
(1:3,1:1, 3:1), and then twice for 5 minutes in PBT. Treatment of embryos with proteinase K
(10pg/ml) was done according to the embryo stage as shown in Table 4. After treatment,
embryos were washed twice in PBT-glycine for 5 minutes. They were then fixed in 4% PFA
with glutaraldehyde (80l of glutaraldehyde per 10ml of 4% PFA) for 20 minutes on ice,
followed by two 5 minute washes with PBT. After, they were washed with hybridization solution
(50% formamide, 5X SSC pHS5, 50pug/ml yeast tRNA, 1% SDS and 50pg/ml heparin) for 5
minutes at room temperature followed with 1h incubation with fresh hybridization solution at
65°C. The hybridization solution was replaced with the digoxygenin-labelled antisense or sense
riboprobe and embryos were incubated at 65°C overnight. On the second day, the embryos were
washed 3 times for 20 minutes at 65°C with 50% formamide, 5X SSC pHS, 1% SDS and 3 times
for 20 minutes at 65°C with 50% formamide, 2X SSC pHS. Embryos were then washed 3 times
for 10 minutes at room temperature in TBST (Tris-buffered saline plus Tween-20; 140mM NacCl,
3mM KCIl, 3mM Tris-HCI, pH7.5 and 0.1% Tween-20) plus 2mM levamisole. They were then
incubated in a blocking solution of 10% normal sheep serum in TBST for 1-2 hours at room
temperature. While the embryos were blocking, the antibody mix was prepared as follows.
0.0375g of chick/mouse powder was incubated in 6.25ml TBST for 30 minutes at 65°C and then
chilled on ice. 62.5ul sheep serum and a 1:2000 dilution of anti-dioxigenin-AP antibody were
added to the embryo powder in TBST and incubated for 1h at 4°C while shaking. The antibody
mix was then centrifuged at 4°C for 10 minutes and the supernatant was removed. Next, 18.75ml
of TBST and 187.5ul of sheep serum were added to the supernatant. The blocking solution was
then removed and the final antibody mix was added to the embryos and left overnight at 4°C. On
the third day, embryos were washed 3 times for 5 minutes in TBST with 2mM levamisole and
then 5 times for 1 hour each at room temperature. This was followed by three 10-minute washes
with NTMT (0.1M NaCl, 0.1M Tris-HCI, pH9.5, 50mM MgCI2 and 0.1% Tween-20). Colour
development was done by adding 2.5ul of BCIP (5-Bromo-4-chloro-3’- indolyphosphate p-
toluidine) and 2.5ul of NBT (nitro-blue tetrazolium chloride) to 1ml of NTMT solution. Colour
development was allowed to proceed until there was tissue specific purple staining.
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Embryo Stage Proteinase K (time of incubation)

Chick HH10-HH12 3 min
Chick HH13-HHI15 4-5 min
Chick HH16-HH18 6-8min
Chick HH19-HH20 9-10min
Mouse E10.5 12 min

Mouse E13.5 (kidney) | 5 min
Mouse E16.5 (kidney) | 8 min

Table 4. Duration of Proteinase K Treatment in Chick and Mouse Embryos

Incubation times for Proteinase K treatment during day 1 of whole mount in situ hybridization
for the different embryonic stages of chick and mouse.



2.4 Paraffin Sectioning

After in situ hybridization, the embryos were photographed and then dehydrated in
consecutive 20 minute washes of 50%, 70% and 95% ethanol-PBS, followed by 2 times 30-
minute washes in 100% ethanol and 2 times 30 minute washes in xylene. Embryos were placed
into moulds with paraffin in a vacuum oven for 1 hour and then transferred into new molds with
fresh paraffin in which they were positioned and left to solidify. 10um sections were collected
using a Leica RM2155 microtome. Sections were placed in a 39-41°C water bath and then
transferred to microscope slides. The slides were left on a heating plate overnight to dry.
Sections were washed 2 times for 10 minutes in xylene and then coverslipped using Permount.
Imaging of the sections was done using Zeiss Axiophot microscope with AxioCamMRc¢ with

Axiovision v4.7.1.0 software.

2.5 Cryosectioning

Chick embryos were rinsed twice with PBS and fixed for 6 hours at 4°C in 4% PFA-PBS
or 1 hour in 10% trichloroacetic acid (TCA). Next, embryos were put into 5% sucrose-PBS
solution at room temperature for 20 minutes to 1 hour until they sunk and then transferred to
30% sucrose-PBS solution for 2 hours at room temperature for younger embryos (HH10-14) or
overnight at 4°C for older embryos (HH15-HH20). The next day the embryos were placed ina
1:1 solution of 30% sucrose and OCT (optimal cutting temperature) matrix for 1 hour at room
temperature. Then the embryos were embedded in OCT and left on an ethanol-dry ice bath to
solidify. 16pum sections were collected using a Leica CM3050 cryostat and placed onto
microscope slides. The slides were left to dry for 2 hours and placed at -80°C for long-term
storage or left at room temperature and coverslipped with Glycerol gelatin mounting solution

(Sigma-Aldrich) for imaging.

2.6 Exon Sequencing

Exon sequencing was performed on 96 patients with congenital kidney malformations
from the NIH-sponsored Chronic Kidney Disease in Children (CKiD) study. Parallel
amplification and library preparation were performed through the 48.48 Fluidigm Access Array
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Integrated Fluidic Circuit (IFC) for 23 human CLAUDIN genes. Each sample had a specific
barcode and primer pairs were designed within 50 base pairs of flanking sequence outside of the
exon coding sequence. Each gene was covered by one to three overlapping primer pairs,
generating amplicons of 300 to 400 base pairs (shown in Table 5). Amplicon libraries were

pooled and subjected to Illumina MiSeq sequencing.

2.7 Molecular Cloning

Selected variants identified in patient DNA sequences were first cloned into pSC-A and
then subcloned into pcDNA3.1, then the Slax adaptor plasmid and at last, the Replication-
competent ASLV long terminal repeat (RCAS) vector. Cloning of the full length of Claudin-8
and -14 into a pSC-A-amp/kan vector was done using StrataClone PCR Cloning Kit (Agilent).
The coding sequences were PCR (polymerase chain reaction) amplified. The CLDNS forward
primer contained EcoRI and Ndel sites (5-GCGGAATTCCATATGGCAACCCATGC-3") and
the reverse primer contained a BamHI site (5'-CGGGATCCCTACACATACTGACTTCTGG-
37). For PCR amplification 50ng/pl of DNA and 3ul of 6mM of primer were used with an
annealing temperature of 53°C and a 45 second extension time. The CLDNI4 forward primer
contained Ncol sites (5'-GCGGAATTCACCATGGCCAGCACG-3") and the reverse primer
contained an EcoRI site (5'-CGGGATCCGGACTCACACGTAGTCG-3"). For PCR
amplification 50ng/ul of DNA and 3ul of 6mM of primer were used with an annealing
temperature of 56°C and a 45 second extension time. Using the same primers, CLDNS and
CLDN14 were cloned into FLAG-HA-pcDNA3.1 (Addgene). Cloning from pcDNA3.1 into the
Slax Nde or Nco adaptor plasmid was done by restriction digest using either Nde or Nco sites
that were added during PCR amplification. Digestion and cloning from the Slax vector into the
RCAS vector was done using Clal enzyme (Invitrogen).

2.8 Preparation of Retroviral Particles

Transfection of virus, viral supernatant production, and titration of virus were done as
previously described by Logan and Tabin (Logan and Tabin, 1998). DF-1 (chicken embryonic
fibroblasts) cells were thawed and seeded on a 6-well plate in 2ml DMEM 10% FBS cell culture
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media with 1% penicillin and streptomycin. Once the cells reached 70-80% confluency, the
DMEM 10% FBS media was replaced with new media. One hour later the cells were transfected
with the RCAS vector containing the CLDN variant cDNA. 500ng/pul of DNA (CLDN variant
and wildtype in RCAS vector) were added to 25ul of DMEM 10% FBS with antibiotics and 1pl
of P300 Lipofectamine reagent (Invitrogen), according to manufacturer’s instructions. In a
separate tube, 1ul of Lipofectamine 3000 was added to 25ul of DMEM with no FBS and no
antibiotics. This last solution containing the Lipofectamine was then added to the DNA with the
reagent and the media, incubated for 15 minutes, and then added to the media in the 6-well plate.
After 24 hours, when the cells were 90-100% confluent, they were trypsinized and passaged to a
10cm plate with 10ml 10% FBS DMEM media plus antibiotics. 50ul of trypsinized cells were
seeded on a 6-well plate for staining with the AMV-3C2 (avian myoblastosis virus) monoclonal
mouse antibody used to identify cells infected with the avian sarcoma virus.

After 24 hours the cells on the 6-well plate were washed 3 times with PBS and then fixed
in 4%PFA/PBS for 12 minutes. After fixing the cells were washed three times with PBS, and
blocked using 10% normal goat serum in 0.3% TritonX-100 /PBS for one hour. Blocking
solution was replaced with the primary 3C2 monoclonal antibody (Developmental Studies
Hybridoma Bank, U. lowa), which recognizes cells infected with the virus, diluted 1:100 in 5%
normal goat serum and 0.3% TritonX-100/PBS, and the cells were incubated with the primary
antibody for 45 minutes at room temperature. They were then washed three times for 5 minutes
with PBS. The secondary antibody, biotinylated anti-mouse IgG (Vector Labs) was added at a
1:400 dilution and incubated for 30 minutes. During the incubation of the secondary antibody,
the A/B solution (Vectastain Kit, Vector Labs) was prepared by adding 2 drops of solution A and
2 drops of solution B to 10ml of PBT and left standing for 30 minutes. After removing the
secondary antibody, the cells were washed three times for 5 minutes with PBS, and the A/B
solution was added to each well and incubated for 30 minutes. Cells were then washed three
times for 5 minutes with PBS and 500ul of DAB (3,3’-diaminobenzidine) solution, prepared
according to manufacturer’s instructions, was added to each well. Brown staining of cells
indicated the presence of the retroviral particles.

Once the cellsin the 10cm plate reached 80% confluency, they were split into two 15cm
plates. After two days, the media was replaced with new DMEM 10% FBS plus antibiotics. Once

the cells reached 80% confluency, they were left 48 hours more to reach superconfluency. Once
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this occurred, media was changed to 12ml of DMEM 2% FBS without antibiotics. 24h later, the
media was collected in a 50ml tube, frozen at -80°C and replaced with fresh 12ml DMEM 2%
FBS without antibiotics. Media collection was repeated for two more days.

After three days of collection, the frozen media containing the viral particles was thawed
and filtered through a 0.45um cellulose acetate filter (Corning). The filtered supernatant was then
placed in ultra-centrifuge tubes (Beckman Coulter) in a SW-32 swinging-bucket rotor (L80
ultracentrifuge) and centrifuged at 21,900rpm for 3 hours at 4°C. The supernatant was carefully
removed and then the tubes were placed upright to allow media on the sides to drain to the
bottom and overlie the pellet of retrovirus particles. The tubes were covered and stored at 4°C
overnight. The pellets with the viral particles were resuspended in 100l total volume of DMEM,
aliquoted and stored at -80°C.

2.9 Injection of Retroviral Particles

Stage HH10 chick embryos were collected on filter paper supports and cultured ex ovo on
agar-albumin plates as previously described (Collins and Ryan, 2011). Briefly, fertilized eggs
were incubated at 39°C until they reached stage HH10. The egg was cracked into a 10cm glass
petri dish and the thick albumen was removed from the surface of the embryo using KimWipes.
A filter paper support was placed over the center of the yolk and the embryo was attached to the
center of the support. The rest of the yolk was removed with scissors. The filter paper with the
embryo was placed on agar-albumen plates with the ventral side facing up. 1l of Fast Green
was added to a thawed aliquot of retroviral particles. The retrovirus was injected adjacent to the
10" somite of the embryo on the left side using a pulled glass capillary needle (1mm x 500mm)
and a Narishige IM 300 microinjector. Embryos were then incubated for 12 hours in a
humidified incubator at 38°C to reach stage HH12. After incubation, embryos were fixed in 4%
PFA overnight. Whole mount in situ hybridization was performed using an RCAS env ripobrobe
to confirm that the viral particles were present only in the left nephric duct, the site of injection.

The Liml antisense riboprobe was used to assess nephric duct elongation.
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F . . Position in build | Fragment
ragment F primer sequence R primer sequence >
hgl19 size
chr3:190039682-
CLDNIEO1 CCATGGAATCACACAACAGAA | AACTCTCCGCCTTCTGCAC 190040052 371
chr3:190030547-
CLDNIE02 TGITTGCA GTTTGCCTTA GA TTCCATTTTTCTCTTGTTGGTC 190030886 340
chr3:190027878-
CLDNIE03 ATGGCACTA GCAGGACTTTG TGGACTTCTAATCTCCCTAATACC 190028192 315
CAGAAATCTTAAAGTACTTCCCAAG | chr3:190026019-
CLDNIE04 TCCATTTTCGGTTTGI TTCA G 190026376 358
CLDN2E02 00 chrX:106171383-
1 GGTGTTCAA GGA GCAA GA GC GGAGGA GATTGCACTGGATG 106171734 352
CLDN2E02_00 chrX:106171637-
2 GCATCACCCA GTGTGA CATC ATGAGCAGGAAAA GCA GA GG 106172017 381
CLDN2E02_00 ¢chrX:106171965-
3 TTCTTCCCTGTTCTCCCTGA CATCCTTGGCAATTCAACCT 106172350 386
CLDN3EO1 00 chr7:73183665-
1 GGTGGTGGTGTTGGTGGT CCAAGGCCAAGATCACCAT 73184045 381
CLDN3EO1 00 chr7:73183927-
2 CACCACGGGGTTGTA GAAGT CTTCATCGGCA GCAACATC 73184281 355
CLDN3EOI_00 chr7:73184171-
3 AGCAGCGA GTCGTACA CCTT CCGTCGGTGA GTCAGTCC 73184510 340
CLDN4EO1_00 chr7:73245495-
1 AGCCTTCCA GGTCCTCAACT CCTCCAGGCAGTTGGTACAC 73245859 365
CLDN4EOI_00 chr7:73245792-
2 CATCATCGTGGCTGCTCTG AGCAGAGA GGAACA GA GTGGA 73246193 402
CLDN5E02_00 ¢chr22:19511057-
1 CCCCAGGCTTATCCAACG GAGGCGTGCTCTACCTGTTT 19511417 361
CLDNSEO02 00 chr22:19511350-
2 GACAATGTTGGCGAACCAG GTCCGCA GCGTTGGA GAT 19511773 424
CLDN5E02_00 chr22:19511704-
3 GCACGCCAGGATCAGACC CCCTAACTTCAGCTGCCA GA 19512077 374
CLDN6EOI_00 ¢chr16:3065069-
1 GCCTCCGCATTA GTTCCATA CATTACATGGCCCGCTACTC 3065440 372
CLDN6EO1_00 ¢chr16:3065370-
2 TTCTTGGTA GGGTACTCAGAGG | CACGTGCCCTCTGTGTCAT 3065784 415
CLDNG6EO1 00 chr16:3065694-
3 TCCTCCACACA GGTGGTACA TGCTTCTGTCCCAAACACAG 3066063 370
chrl17:7165005-
CLDN7EO01 CCAGCCGA CCACTTCCTC CGTTTGTTTTA CTGTA GGGTCTCC 7165421 417
chrl7:7164066-
CLDN7E02 TCAGTATAGTGA GGCCCCAAA | GGCCCA GGTCTTGGA CAC 7164458 393
¢chrl7:7163769-
CLDN7E03 GGACAGGAACA GGA GA GCA G CCATCTGGGA GGA GCAA G 7164121 353
chrl7:7163631-
CLDN7E04 AGGCCCTTT CA GGCATCTA CCCTTTGATCCCTA CCAACA 7163984 354
CLDNSEOI_00 chr21:31587477-
1 CAAAGTTTCTTTGGGGTCCA GTGGTGCTCATCCCTGTGA 31587850 374
CLDNSEOI_00 chr21:31587750-
2 AGAGCTTCTCCAAGCTCACG ACTGTGGATGAATTGCGTGA 31588097 348
CLDNSEO1 00 chr21:31588028-
3 AGCCAGCA GGGAATCATA GA CTGGCCA GAA GTA GCAAA GC 31588403 376
CLDN9EOI_00 chrl6:3063334-
1 GGGGCTGA GAA GA CCTAACC GGCGA GGA GGA GGATGAC 3063747 414
CLDN9EOI_00 ¢chrl6:3063673-
2 TGTACCACGTGTGTGGA GGA ATCAGGCCAAGGTCGAAAG 3064081 409
CLDNOEOI_ 00 chr16:3063703+30640
2r AAGGCCCGTATCGTGCTC ATCTGGTCATCAGGCCAAG 89 387
CLDNI0EO1 0 ¢chrl3:96204832-
01 ACAGGGCATGGGTGTGAG AGGGAAGGA GGGCTGA GG 96205268 437
chr13:96212286-
CLDNI10E02 TTTTTGGAAAACAAACATCCA TGAGCACA GCCCTAA CAAAT 96212646 361
chr13:96212519-
CLDN10E03 TTTGGCTGGGATTGTATTCAT TGCATATTTTGCGTATGTGG 96212893 375
chrl3:96229286-
CLDN10E04 TTGGGATGGTCTAATGGCTA CAGGTCATTTTTGTCTCTTTTTC 96229619 334
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chr13:96230002-

CLDNI10EO05 ACTTCTTGGGGCAA GAGGA G AATTATGGGAGGGCCTTGAT 96230353 352
chr3:170136776-
CLDNII1EO1 GTACCTGGGCA GGCACTGT TATCCCGCTCTCTA CCCA GA 170137141 366
chr3:170140850-
CLDNI11E02 AGAAGGAGGAA GGGA GATGG CTTCACTTGGCTTCCTTTCA 170141228 379
chr3:170150214-
CLDNI1E03 TGGAAGCCA CAAGTGTGTGTA CACACTGTGA CGAGCAAACC 170150618 405
CLDNI12E04 0 TCTGACTGA CAGTACTCCACAA chr7:90041958-
01 G CTGAAGGCA GTGTTGCACAT 90042331 374
CLDNI12E04 0 chr7:90042250-
02 AGTTTGCCCTACCCCTCAG TGGGTGGATGGGA GTACAAT 90042636 387
CLDNI12E04 0 chr7:90042483-
03 TTTGAGCCAGTCTTTTCATTTG TTGGCTTCATTGATTGGTCA 90042842 360
CLDNI4E01 0 chr21:37833204-
0l CTGCCTCCATTGACAGTCC TCCTGGA CCACCAACGAC 37833585 382
CLDNI4E01 0 chr21:37833484-
02 GGAGATGAA GCCCAGGTACA TCCTACCTGAAAGGGCTCTG 37833861 378
CLDNI4E01 0 chr21:37833789-
03 ATCGGTAGATCTGGCACTGG TCGGTGA CAGAAATAAGTGCAT 37834156 368
chr7:100880558-
CLDNI5E01 TGCATCCTCA CGGAAGTACC TTCCAGTTCCCTAGGGGTTC 100880933 376
chr7:100877397-
CLDNI15E02 TCTGGGGA GTA CA GATGA GG GATGGGAAA GGCTGA CAAC 100877757 361
chr7:100875944-
CLDNI15E03 CAGGATGGA GATCA GTGA GG CTGCTCTGGGACTTGGTG 100876315 372
chr7:100875698-
CLDNI15E04 TAGGCGTTTCTGCCGTATTT GGCTGGCGTCTCACTTGT 100876049 352
chr7:100875598-
CLDNI5E05 CGGCCCCTGAGGTTACTA CCTCACTGATCTCCATCCTG 100875963 366
chr3:190105843-
CLDNI6EO1 CCACCCGAAACACACTCAG GGCCTGGATCATGAAAAGAA 190106268 426
chr3:190119939-
CLDNI16E02 GGCTTCAATTGTCAGTGCTT TTTTCTGTCCCTTTCCCTTC 190120280 342
AGGGGTACTTATGTTCAAGITC chr3:190122398-
CLDNI16E03 AT AGCAGCTTCAGCACAACTCT 190122800 403
chr3:190126079-
CLDNI16E04 TGTAGCATCCTCCCTTTCTTT TGCCCTTGAACAATTGGA 190126437 359
AAAGAAAAAGTATAGGAGAATCAA chr3:190127643-
CLDNI16E05 TTTCCCAAGTTCACTGA GTTCT ACA 190127985 343
CLDNI17E01_0 chr21:31538170-
01 GCAAGTTCTCCTGCCTCAC GTGAGCTGGACA GCCAATA 31538527 358
CLDNI17E01 0 chr21:31538477-
02 GATGGCTGGGTTGTAGAAATC TTTGAGAGGCTCTGGGAAG 31538809 333
CLDNI17E01 0 ACAAGGAGCTATAGAACTTGCA chr21:31538725-
03 TT GTTAGGCCAAGTTCA GTCACA 31539099 375
chr3:137717613-
CLDNISEO1 CACCAGCCTCTCAGAGAAAA GTTTCCTCTCCACCTCCAAT 137717985 373
chr3:137742466-
CLDNI18E02 TTTGTCTGCTTGTGTCTTGC TTGGACCTCCACACTCAGAT 137742806 341
CAATATTCTGCAGCCTACTCAT chr3:137743342-
CLDNI8E03 C ATGGCATGGTTGTCTCTGAT 137743695 354
chr3:137748607-
CLDNI18E04 ACCATATTGACAGCCA CCAT GGCTGAAATATTCCCATTCTG 137748929 323
CAAAGACATCTACAATCATGGA chr3:137749771 -
CLDNI8E05 AT AGACTGAGGCTAAGACCATTTG 137750145 375
chr1:43205468-
CLDNI9EO1 CTGTTCCCACCTCCCATCT CTGCCTCTGA CCCTCCTTCT 43205863 396
chr1:43203975-
CLDNI19E02 GTGCA GA GGCCTAAA GACAA CTCTCAAGCTGGGCTCCT 43204346 372
chrl:43203835-
CLDNI19E03 TCCAGTGGACAAA GGTCAGT GGAGACA GCAACCCCATT 43204158 324
chr1:43201351-
CLDNI19E04 CCTGCCTCTGGTGTCTCTCT CCTGATGCCACTCTCCCTAC 43201730 380
chr1:43200644-
CLDNI19E05 GACAGACCGAATGATACCATGA | GCCACCTACACAGATGGTGA 43200995 352
CLDN20E02 0 chr6:155596787-
0l AGAATTCTGACAGCCATCATTG | TGTCCCCTCCTAAGCGA GTA 155597184 398
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CLDN20E02 0

chr6:155597127-

02 GCTTTGGGGATCTGCACTT GCACCCAAAAGITCCATTTC 155597552 426
CLDN20E02_0 chr6:155597356-

04 TCATTTCTGCAATGCTGITG AAACATGGAAACAATAATGGAAA 155597730 375
CLDN22EO1_0 chr4:184240642-

01 GGGACATCCTACCAAATCCA TGATCCTGGGA GGAATTCTG 184241016 375
CLDN22EO1_0 chr4:184240918-

02 TCTCATCCCA GAACTCCTGAA CTTTGCT GGGATGGGTTTTA 184241322 405
CLDN22EO1_0 chr4:184241208-

03 ACACAGGITTGCCA GAGTCC ACCTTGGCATTACTGGTTGG 184241586 379
CLDN23EO1_0 chr8:8559854-

01 CGACAGCGGA GAAGGAAG CACGAAGITGGGCTCGTC 8560244 391
CLDN23EO1_0 chr8:8560182-

02 GTCCTGGGGCTTCTGCTG GGCCGTCGCTGTA GTACTTG 8560590 409
CLDN23EO1_0 chr8:8560515-

03 AGCAGCGTCAGCACCATC GAAAGGCAGATTTCCATCCA 8560908 394
CLDN24EO1_0 chr4:184242894-

01 ACATCTCTGGCCTTGTCG TTTGAGAATTGGA GA GA GTCA GA 184243268 375
CLDN24EO1_0 chr4:184243205-

02 CAGAATTCCTCCCA GAATGA TGGCTTTAATCTTTA GAACA GCA 184243578 374
CLDN24EO1_0 TGGCAAATAAGITGTAATAATG chr4:184243487-

03 GA AGCCCTCTTTGTTCATCCTT 184243879 393
CLDN25EO1_0 chrl1:113650325-

01 TTGGACACACCCTCTAAACC CTCCCAAATCCCCATGAT 113650673 349
CLDN25EO1_0 chrl1:113650578-

02 TGGGTCTGCTCCTGTGITAC GGAGACT GGAA GGA GGGTAG 11365093 1 354
CLDN25EO01_0 chrl1:113650873-

03 GICTCCTGGGAAGGACTTTG GGCAGAA GCCAGTCCTAGAT 113651221 349
CLDN25EO1_0 AAAAATACATTTGITAGACACTGTG chrl1:113651036-

04 TATTTTCCTGGCTCTTGGTG C 113651398 363

Table 5. Primer Sequences for Amplification of Claudin Exons

Forward and reverse primers used to amplify all 23 claudins to generate amplicons between 300
to 400 base pairs.
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CHAPTER III: Results

3.1 Expression of C-CPE-Sensitive Claudins in Chick and Mouse Nephric Duct and Mouse
Ureteric Bud

3.1.1 Claudin-1 mRNA Expression in the Chick Nephric Duct

Whole mount in situ hybridization was performed to determine at what stage and in
which region of the nephric duct claudins where first expressed. The expression patterns of the
C-CPE-sensitive claudins Claudin-3, -4, -8 and -14 and Claudin-1 were analyzed from stages
HHI10 to HH20. At HH10, between the 6™ and 10" somite, mesenchymal cells aggregate within
the intermediate mesoderm. At HH12-13, mesenchymal cells epithelialize adjacent to the 16™
somite. At HH14-15, the nephric duct continues to epithelialize and elongate and by HH17, it
becomes an epithelial tube (Obara-Ishihara et al., 1999).

Liml is a transcription factor expressed in a subset of intermediate mesoderm cells that
will give riseto the nephric duct (Kobayashi et al., 2005). I performed in situ hybridization on
chick embryos HH8-HH20 using a Lim! antisense riboprobe to compare its expression to the
selected claudins. Lim!I expression was detected as early as HHS (Figure 9a), and was expressed
in the mesenchymal precursor cells of the duct at HH10, within the intermediate mesoderm,
somites 8 to 10 (Figure 9b) (Obara-Ishihara et al., 1999; Attia et al., 2012). Liml expression was
seen at HH12 (Figure 9¢) when the nephric duct is first discerned as an epithelial structure, and it
continued to be expressed at HH14-HH16 (Figure 9d and 9¢) and at HH17 (Figure 9f).

Claudin-1 was expressed in the nephric duct at HH12 to HH20 and not in the
intermediate mesoderm at HH10 as observed for Liml. At HH10, Claudin-1 was only expressed
in the neural tube, the ectoderm and endoderm (Figure 10a). In the nephric duct, Claudin-1 was
expressed at HH12 at the level of the 16" somite (Figure 10 b>’ and b>”*). At HH17, Claudin-1
was expressed along the entire duct. It was observed at the most anterior region, at the level of
the heart (Figure 10c, ¢’) and at the most posterior region, inserting into the cloaca (Figure
10¢”’). At this stage Claudin-1 was also seen in the pronephric tubules adjacent to the anterior
duct (Figure 10c’). By HH20, when the nephric duct has completely elongaed, Claudin-1 was
expressed in the mesonephric tubules (Figure 10d”). Claudin-1 sense riboprobe was used as a

control and revealed no specific staining at stages HH10 to HH20 (Figure Al).
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Figure 9. Lim1 mRNA Expression in the Nephric Duct of Chick Embryos

In situ hybridization of Lim/ in (a) HH8 and (b) HH10 chick embryos with Lim/ expression in
the intermediate mesoderm in the precursors cells of the nephric duct. At HH12 (c), HH14 (d),
HH16 (e),and HH17 (f) LimI was expressed in the nephric duct of chick embryos. Green
arrowheads indicate the expression in the intermediate mesoderm and the nephric duct. Scale
bar, Imm.
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Figure 10. Claudin-1 mRNA Expression in the Chick Nephric Duct

Whole mount in situ hybridization of Claudin-1in HH10 (a) HH12 (b), HH17 (c) and HH20 (d)
embryos. (a’,a’’,a’’,a’""’) Transverse sections from anterior to posterior regions at the level of
the white lines of a HH10 embryo (a) showed no nephric duct. Transverse sections from HH12
embryo (b) showed Claudin-1 expression in the nephric duct at the level of the 16™ somite
(indicated by green arrowhead) (b’’,b’’’). Magnified images of the nephric duct shown in the
green squares. Claudin-1 was not expressed when there was no epithelialized duct in anterior
regions (b’). Transverse sections at the level of the white lines of HH17 embryo (c) show
Claudin- 1 expressed in the anterior region of the nephric duct (shown by green arrowhead) (c’)
and at the most posterior region where the duct inserts into the cloaca (c’”). Pronephric tubules
(orange arrowhead) expressed Claudin-1.(d, d’’’) HH20 Claudin-1 whole mount and transverse
section at the level of the white line show expression in mesonephric tubules (purple arrowhead)
and nephric duct (green arrow). (d’) Ventral view of Claudin-1 expression in a HH20 chick
embryo. Mesonephric tubules (purple arrowhead) are observed along the nephric duct. Scale bar,
100 um. Abbreviations: en, endoderm; ec, ectoderm; nt, neural tube; da, dorsal aorta; cl, cloaca;
nd, nephric duct.
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3.1.2 Claudin-3 mRNA Expression in the Chick Nephric Duct

Similar to Claudin-1, Claudin-3 was first observed at HH12 (Figure 11a). Claudin-3 was

299

expressed in the nephric duct adjacent to the 16" somite (Figure 11a’*”). At a more anterior
region at the level of the 2" somite, Claudin-3 was not observed in the intermediate mesoderm
(in the mesenchymal cells precursors to the nephric duct) (Figure 11a’”). Claudin-3 expression
was observed along the entire anterior-posterior region of the duct at stages HH16 and HH20
(Figure 11b and c). It was observed approximately at the level of the first somites adjacent to the
dorsal aorta as shown in the whole mount (Figure 11c) and the transverse section (Figure 11c¢”)
down throughout the nephric duct up until its insertion into the cloaca (Figure 11¢’’”). Claudin-3

sense riboprobe was used as a control and showed nonspecific signal compared to the antisense

riboprobe HH10 to HH20 (Figure A2).

3.1.3 Claudin-4 mRNA Expression in the Chick Nephric Duct

In situ hybridization with an antisense riboprobe for chick Claudin-4 showed low levels
of expression in the nephric duct in whole mounts at HH12, HH14, and HH16 (Figure 12).
Transverse sections (Figure 12a, b and c) revealed lower expression of Claudin-4 in the nephric
duct compared to Claudin-1 or Claudin-3. Claudin-4 expression began when the nephric duct
starts to form at HH12 (Figure 12a’). In situ hybridization was performed with a Claudin-4 sense
riboprobe as well and showed no specific signal in the chick embryos stages HH10 to HH20
(Figure A3).
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Figure 11. Claudin-3 mRNA Expression in the Chick Nephric Duct

Whole mount in situ hybridization of Claudin-3 in HH12 (a), HH16 (b) and HH20 (c) chick
embryos. (a’) Transverse section at the level of the pharynx of the embryo defined by the white
line. No nephric duct is seen in this region (a’”).(a’’’,a’”"") Claudin-3 was expressed in the
nephric duct (green squares) in transverse sections at the level of the 16" somite (indicated by
green arrowhead) in HH12 embryo. (b’,b’’, b’”) Claudin-3 expression in the nephric duct
shown in transverse sections from the region indicated by the white lines on HH16 embryo (b).
Claudin-3 expression in the nephric duct at HH20 from the most anterior region of the duct
extending to the level of the cloaca (¢’,c’’, ¢’””). Scale bar, 100 um. Abbreviations: ph, pharynx;
nc, notochord; da, dorsal aorta; cl, cloaca.
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Figure 12. Claudin-4 mRNA Expression in the Chick Nephric Duct

Whole mount in situ hybridization of Claudin-4 antisense riboprobe in chick embryos at HH12
(a), HH14 (b) and HH16 (c). Claudin-4 expression in the nephric duct (green square) shown in
transverse sections at the region indicated by the white line. (a’, b’) Claudin-4 expression in the
nephric duct at H12, HH14 and HH16 and in (a’’,b’’) magnified images of the nephric duct
indicated by the green square. Nephric duct expression in the whole mount indicated by green
arrowhead. Claudin-4 was also observed in the somites at these stages. Scale bar, 100 um.
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3.1.4 Claudin-8 and -14 Are not Expressed in the Chick Nephric Duct

Analysis of in situ hybridization experiments using antisense riboprobes for Claudin-8
and Claudin-14 revealed that they were not expressed in the nephric duct (Figure 13 and 14).
From stages HH12 to HH20, neither Claudin-8 nor -14 expression was detected in the duct.
Claudin-8 was previously reported to be expressed in the mouse nephric duct (Khairallah, 2013),
while Claudin- 14 has been shown to be expressed both in the mouse and chick at later stages
during kidney development, but not in the nephric duct (Khairallah, 2013). /n situ hybridization
was performed using sense riboprobes for both Claudin-8 and -14 in order to prove that the

staining seen with the antisense riboprobes was specific (Figure A4 and AS).
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Figure 13. Whole Mount In situ Hybridization with Claudin-8 Antisense Riboprobe in
Chick

Chick embryo whole mounts at HH14 (a), HH17 (b) and HH18 (c). Claudin-8 was not expressed
in the nephric duct. (a’, b’, ¢’) Transverse sections on the whole embryos were taken at the
regions shown by the white lines. Claudin-8 is expressed in the otic vesicle (yellow arrowhead)
and the ectoderm (ec) as shown in a’. Scale bar, 100 pm.
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Figure 14. Whole Mount In situ Hybridization with Claudin-14 Antisense Riboprobe in
Chick

Whole mount in situ hybridization of chick embryos at HH16 (a), HH17 (b) and HH19 (c) had
no Claudin-14 expression in the nephric duct. (a’,b’, ¢’). Transverse sections of whole mount
embryos at the regions indicated by the white lines. Claudin-14 is expressed in the otic vesicle
(yellow arrowhead), and the ectoderm (ec) as shown in ¢’. Scale bar, 100 pm.
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3.1.5 Claudin-4 mRNA Expression in the Mouse Nephric Duct and Ureteric Bud

To examine claudin expression in the metanephric kidney during ureteric bud branching I
used the mouse as a model to observe branching morphogenesis. I performed in situ
hybridization to examine two C-CPE-sensitive claudins, Claudin-4 and Claudin-14, in the mouse
nephric duct and during the first branching events of the ureteric bud. Embryos were dissected at
E10.5 when the nephric duct has reached the cloaca and the ureteric bud outgrowth emerges. In
situ hybridization was also performed at E13.5, after the completion of two to three rounds of

ureteric bud branching, and at a later stage of branching at E16.5.

Claudin-4 was expressed in the nephric duct in mouse embryos. The expression pattern
was similar to the one observed in the chick nephric duct, in that Claudin-4 showed less intensity
compared to Claudin-1 and -3 (Figure 15a’). Claudin-4 was expressed in the ureteric bud tips at
E13.5 and the ureteric tips and trunks at E16.5. Claudin-4 was also in the ureter.

3.1.6 Claudin-14Is Not Expressed in the Mouse Nephric Duct and Ureteric Bud

Claudin-14 was previously reported to be expressed within tubular kidney structures in
later stages after E16.5 in the mouse kidney (Khairallah, 2013). In order to asses if Claudin-14
was expressed at earlier stages, in sifu hybridization in whole mount mouse embryos at E10.5
and mouse embryonic kidneys at E13.5 and E16.5 was performed. The results showed that
Claudin-14 was not expressed at E13.5 or E16.5 in mouse embryonic kidneys (Figure 16), or in

the mouse nephric duct at E10.5, similar to what was seen in the chick.
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Figure 15. Claudin-4 mRNA Expression in the Mouse Nephric Duct and Ureteric Bud

Whole mount in situ hybridization of Claudin-4 antisense riboprobe in E10.5 (a) embryos and
mouse embryonic kidneys at E13.5 (b) and E16.5 (¢). (a’) Claudin-4 expression in the nephric
duct shown by transverse section in the region indicated by the white line. (a’’,a’’”) Magnified
images of the nephric duct (green square). (b) Mouse embryonic kidney at E13.5 with Claudin-4
expression in the ureteric bud tips and trunks, and in the ureter. (b’,b’") Claudin-4 expression in
transverse section and magnified image of E13.5 kidney. (c¢) Claudin-4 was also expressed in
E16.5 mouse kidney in the ureteric bud tips and trunks, as well as in the ureter. Ureter is
indicated by brown arrowhead (b, b’, c¢) the ureteric bud tip by the blue arrowheads (b’’, ¢’”) and
ureteric bud trunk by yellow arrowheads (b’’, ¢’”). Scale bar, 100 pm.
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Figure 16. Whole Mount In situ Hybridization with Claudin-14 Antisense Riboprobe in

Mouse

Whole mount in situ hybridization using Claudin-14 mouse antisense riboprobe in E10.5 (a)
embryos and E13.5 (b) and E16.5 (c) mouse embryonic kidneys. (a’) Transverse section in the
region indicated by the white line. No expression of Claudin-14 in the nephric duct. (a’’,a’”’
Magnified images of the nephric duct (green square). (b) Mouse embryonic kidney E13.5. (b’,
b’’) Transverse section and magnified image of E13.5 kidney. (c¢) E16.5 mouse embryonic
kidney. Claudin-14 was only expressed in the ectoderm (ec) at E10.5 (a’). Scale bar, 100 um.
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3.2 Human Cohort Sequencing Analysis

3.2.1 The CKiD Cohort

The CKiD cohort includes approximately 600 children between 1 and 16 years old with
different causes of chronic kidney disease with a mild to moderate kidney function with an
estimated glomerular filtration rate (GFR) between 30 and 90ml/min/1.73m?. 96 children with
either renal dysplasia, hypoplasia, or agenesis were selected. There is no access to other

demographic data, including ethnicity, gender or family history of these children with CAKUT.

3.2.2 CKiD Cohort and Analysis for Claudin Variants

To better understand the role that claudins play in the development of the kidney. I
hypothesized that damaging variants in claudins might alter nephric duct elongation and/or
ureteric bud branching and lead to CAKUT. Therefore, DNA samples from 96 CAKUT patients
in the CKiD cohort were sequenced using next-generation technology. The entire family of
claudins were exon-sequenced to determine if the patients carried any claudin variants, including

in the C-CPE-sensitive family members described above.

Exon sequences were analysed using IGV (Integrative Genomics Viewer) software, a
visualization software that color codes a change in a nucleotide base. Two specific cut-offs were
used to record variants. First, a mean coverage of the total number of reads per base of 100x, and
second, a minimum of 25% of reads with a change of base were necessary to call a variant

(Nicolaou, et al., 2016).

79 variants in the 23 CLDNs were identified. Forty-two of the 79 nucleotide variants
were synonymous mutations. Of these, 17 were common, 16 were rare and 9 were novel.
Common variants had a minor allele frequency (MAF) greater than 1%, rare variants had a MAF
less than or equal to 1%, and novel variants were absent from EXAC (Exome Aggregation
Consortium) (Lek et al., 2016) (http://exac.broadinstitute.org). EXAC is a browser that contains a
consortium of large-scale sequencing projects from around the globe representing 60,000

individuals with no severe pediatric diseases.

From the 37 non-synonymous variants, 17 common, 16 rare and 4 novel were detected. A

summary of the analysis of variants is shown in a workflow chart in Figure 17. Only 17 of the 20
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non-synonymous rare and novel variants were confirmed through Sanger sequencing, the other
three were false positives. The chromatographs of all 17 wildtype and variant sequences are
shown in Figure 18 and 19. The location of all the confirmed non-synonymous variants and their

corresponding amino acid location is shown in Figure 20.
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I Sequencing I I Variant Analysis I

Cohort: 96 children, 79 variants identified
kidney malformation
GFR: 30 and
90ml/min/1.73m?
Ages Lo Toyears 42 synonymous 37 non-synonymous
Fluidigm access array
and MiSeq
17 common 17 common
IGV Visualization 16 rare 16 rare
tool of SNPs
9 novel 4 novel
Mean coverage
>100x —
Percentage variant No significant
reads >25% _ dlfference in the
incidence between 20 rare and
common variants in novel
general population variants
and the cohort

In silico prediction
software (SIFT, Provean

and PolyPhen)
Functional analysis 17 confirmed by
in 2 variants Sanger sequencing

Figure 17. Chart Workflow of Claudin Variant Analysis of CKiD Cohort

Sequencing on 96 children from the CKiD cohort using Fluidigm access array paired with MiSeq
next-generation sequencing. Nucleotide changes were visualized using IGV at a mean coverage
of >100x. Variants in the CKiD cohort were classified into non-synonymous and synonymous
and common, rare or novel. Common variants were compared using the EXAC browser. From
the 17 confirmed variants, 2 were selected for functional analysis.
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Figure 18. Chromatographs of Rare and Novel Non-synonymous Variants in CKiD
Cohort: Claudins 1-18

Variants were confirmed through Sanger sequencing as shown by the chromatograms. Genes are
read in the direction at which they are translated. The mutation is indicated by a change in color
or a purple line (when the change in color is not clear). Claudin-17 chromatogram shows both
the rare variant (CLDN17-E78K) and the common (CLDNI7-A82T) variants.
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Figure 19. Chromatographs of Rare and Novel Non-synonymous Variants in CKiD

Cohort: Claudins 19-25

Variants were confirmed through Sanger sequencing as shown by the chromatograms. Genes are
read in the direction at which they are translated. The mutation is indicated by a change in color
or a purple line (when the change in color is not clear). Claudin-20 chromatogram shows both
the rare variant (CLDN20-G94E) and the common (CLDN20-S98S) variants.
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Figure 20. Localization of Non-Synonymous Mutations to Claudin Protein Domains

/—_CPE binding

The diagram shows the location of each of the non-synonymous rare (empty circle) and novel
(solid colored circle) variants found in the CKiD cohort within the claudin protein structure.
Three variants are localized in the first transmembrane domain, 4 are in the first extracellular
loop, 1 is in the intracellular loop, three are in the third transmembrane domain, 1 is in the fourth
transmembrane domain and 1 is found in a cytoplasmic C-terminal tail. Two variants: Claudin-8
A94V and Claudin-14 S58R were selected for functional analysis.
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I compared the MAF of the common variants in the CKiD cohort to the general
population using the ExXAC database (Lek et al., 2016). According to statistical analyses using
the chi-squared test, there were no significant differences between the MAF of the cohort and the
population (Table 6). SIFT (Sorting Intolerant from Tolerant) (Vaser et al., 2015)
(http://sift.jcvi.org/) and Provean (Protein Variation Effect Analyzer) (Choi et al., 2012)
(http://provean.jcvi.org/) were used as in silico prediction software to assess if amino acid
changes were deleterious for protein function based on the nucleotide change and the
evolutionary conservation of the amino acid at a specific position. All common variant scores
were neutral and tolerated, which means the amino acid changes were not predicted to have a

negative effect on the function of the claudin as shown in Table 6.

For the remainder of my analysis, I focused on the non-synonymous rare and novel
variants. All 20 rare and novel synonymous variants were analysed in silico using PolyPhen and
SIFT prediction software to predictif the variant could be detrimental to protein function and
structure (Table 7). PolyPhen (Polymorphism Phenotyping) (Adzhubei et al., 2010)
(http://genetics.bwh.harvard.edw/pph2/) and SIFT both use the evolutionary conservation of the
amino acid across species as well as the location of the amino acid on the protein, to assess the
effect on protein structure and function. The SIFT score considers a variant damaging when the
score ranges from 0.0 to 0.05, and tolerated when the score is from 0.05 to 1.0. In PolyPhen, it is
the opposite, scores from 0.0 to 0.05 are tolerated, while scores from 0.05 to 1.00 are defined as
‘possibly damaging’ to ‘damaging’. The list of variants and their predicted socres using

PolyPhen and SIFT are shown in Table 7.
3.2.3 Rare and Novel CLDN Variants in CKiD Cohort

All of the rare mutations occurred in a heterozygous state. Six of the 17 non-synonymous
rare mutations were found in two patients. The remaining variants were found in one patient
each. In CLDNI a rare heterozygous variant, SOOH (MAF=0.003%), was localized in the first
extracellular loop and was found only in one patient. According to the prediction software
PolyPhen (Adzhubei et al., 2010) and SIFT (Vaser et al., 2015), the change from a polar amino
acid to a positively charged histidine could affect protein stability. A change to a histidine at this
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position signifies a loss of a phosphorylation site, making the substitution from a serine to a

histidine potentially a deleterious change for the protein.

The CLDNS8 p.A94V variant witha MAF of 0.4% was detected in two patients. The
variant is located in the second transmembrane domain. Given that both alanine and valine are
non-polar amino acids it might not be detrimental for the protein function. However, the alanine
at position 94 is a highly conserved amino acid among human, mouse and chick species. Given
the previously reported expression patterns of Claudin-8 in the mouse nephric duct and the fact
that Claudin-8 is a C-CPE sensitive claudin, this variant was selected for functional analysis (See

Results Section 3.6).

CLDN9 p.T184M is a rare variant (MAF=0.002%) in the cytoplasmic tail. The threonine
at this position is a putative phosphorylation site for cdc2, as predicted by NetPhos3.1 (Blom et
al., 1999), a server that predicts serine, threonine and tyrosine phosphorylation sites in eukaryotic
proteins. Cdc2, cyclin-dependant protein kinase, is important for cell cycle progression. The
substitution of the threonine for a non-polar amino acid might alter a phosphorylation site in the

tail which in turn might affect its interaction with other proteins.

CLDN12 p.V98M is a rare variant, MAF of 0.3%, and it localizes to the second
transmembrane domain. It was predicted to be benign by both PolyPhen (Adzhubei et al., 2010)
and SIFT (Vaser et al., 2015). The methionine is a hydrophobic amino acid. Since valine is also a

hydrophobic amino acid, this substitution is not likely to alter the folding of the protein.

CLDN14 p.S58R is a novel variant that localizes to the first extracellular loop. It is
predicted to be deleterious by both PolyPhen (Adzhubei et al., 2010) and SIFT (Vaser et al.,
2015). The change from a serine to an arginine has the potential to change in the structure of the
protein, changing a non-charged amino acid for a positively charged one. A change in the charge
of a residue in the first extracellular loop, which controls the ion selectivity of the claudin, could
have a detrimental effect on permeability. Serine 58 is also predicted to be a phosphorylation site
in CLDN14 according to NetPhos3.1. Based on the role of Claudin-14 in the mouse and the
discovery of CLDNI14 mutations in human patients (Dimke et al., 2013; Gong et al., 2012;

Thorleifsson et al., 2009), this variant was selected for follow up functional analysis.
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CLDN16 p.F85L is a rare variant with a MAF of 0.3%, located in the first extracellular
loop of CLDN16. The phenylalanine residue at position 85 is a poorly conserved amino acid
between mouse, human and chick. Also, phenylalanine and leucine are both non-polar amino acids.
For these reasons, both PolyPhen (Adzhubei et al., 2010) and SIFT (Vaser et al., 2015) predicted

that this variant is benign and has no effect on protein function.

CLDN17 p.E75K (MAF=0.14) is a rare variant in the first extracellular loop of the
protein. It was detected in a single patient. The substitution of glutamic acid modifies a
negatively charged polar amino acid to a positively charged lysine. This change in charge is
likely to affect the ion selectivity of the CLDN17 first extracellular loop. Also it may lead to the
possibility of a change in the protein structure by altering its hydrophilic interactions, which can

affect protein folding.

Two rare mutations were found in CLDN18: CLDNI18 p.V12M, MAF=1%, is situated in
the first transmembrane domain and p.I1133V, MAF=0.1%, is situated in the third transmembrane
domain. Both variants were found in two patients. The amino acid changes can potentially affect
the assembly of the domains of the protein into the membrane, as well as the cis-interaction with
other claudins. Variant V12M was predicted to be benign, since both valine and methionine are
hydrophobic residues. On the other hand, variant 1133V was predicted to be deleterious even
though the amino acid change does not affect hydrophobicity, perhaps because it does affect a

conserved amino acid between mouse, chick and human species.

CLDNI19 p.L13F is a rare variant with a MAF of 0.3% in the first transmembrane
domain. It was predicted to be deleterious by PolyPhen (Adzhubei et al., 2010) and SIFT (Vaser
etal., 2015). Leucine and phenylalanine are both non-polar amino acids, suggesting that this
substitution 1s unlikely to have an effect on the localization of the protein to the tight junction.
However, it was predicted to be detrimental due to conservation of this leucine residue in human,

mouse and chick.

CLDN20 p.G94E (MAF=1%), is located in the second transmembrane domain. The
change of'a glycine for glutamic acid is considered detrimental according to PolyPhen (Adzhubei
etal., 2010) and SIFT (Vaser et al., 2015) given that glycine at this position is conserved in some
species, including human and mouse. A change from a non-polar residue to a negatively charged
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side chain can have drastic effects on protein interactions by affecting protein folding. However,
this mutation has a minor allele frequency of 1% which also means that there are a higher
number of people in the general population (compared to other mutations) with this variant,
making it a potential risk factor more than a causal variant. A second rare variant in CLDN20,
p-S118T (MAF=0.11%), occurs in the intracellular loop. It was not predicted to be deleterious by
either PolyPhen (Adzhubei et al., 2010) or SIFT (Vaser et al., 2015). Serine and threonine are
both polar amino acids without a charged chain, suggesting that there might not be any

interference with the protein function. However, serine is predicted to be a phosphorylated site.

Three rare heterozygous variants were found in CLDN24: pV971 (MAF=0.6%), p.V1371
(MAF=0.04%) and p.F171S (MAF=0.9%). Variants V971 and F171S, were found in two
patients, one of whom also carried the CLDNS8 p.A94V variant, while V1371 was found in one
patient. V971 is located in the second transmembrane domain, V1371 is in the third
transmembrane domain, and F171S maps to the fourth transmembrane domain. The substitution
of valine at position 97 for an isoleucine does not change the hydrophobicity of the side chain,
and it is a poorly conserved amino acid, making it a benign mutation. On the other hand, F171S
was predicted to be deleterious by both prediction software. Substitution of the hydrophobic
phenylalanine with the polar serine may alter the protein structure by shifting its accessibility to
solvents and thus, the ion permeability of the claudin. A valine substitution for an isoleucine

does not affect the charge of the side chain, and for this reason it was predicted to be benign.

The rare variant CLDN25 p.A129T had a MAF of 0.05% is located in the third
transmembrane domain. The amino acid modification was predicted to be deleterious. A change
from an alanine to a threonine changes a hydrophobic to a polar amino acid, and it introduces a
potential phosphorylation site that could alter protein folding. A novel variant, p.D147N, was
also found in CLDN25, located in the second extracellular loop of the protein. The variant was
predicted to be benign by both PolyPhen and SIFT due to the fact that the residue is poorly
conserved. However, it does have the potential to affect insertion of the claudin into the
membrane or interactions with other proteins because the modification changes a non-polar
uncharged amino acid to a negatively charged polar amino acid. A substitution in the second

extracellular loop of the claudin could also affect its interaction with other claudin proteins

(Furuse et al., 1999).
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CLAUDIN

CLDN1

CLDN3

CLDN4

CLDN6

CLDN7
CLDNS8

CLDN12

CLDN14

CLDN15

CLDN16

CLDN17
CLDN18

CLDN20

CLDN22

CLDN23

CLDN24

Common
Variant
G123G
G122G
A36A
Y164Y
1401
11443V
186l
V130L
L89L
V136V
V197A
S151P
T129A
D62D
T21T
T4M
T229T
R81R
Y211Y
P202P
A56P
R55*DEL
A82T
$214S
M149L
S16S
S98S
L177P
V210M
P232S
R81R
Q207H
1131V
L18F

MAF

0.77
0.015
0.036
0.046
0.032

0.42
0.015
0.036
0.026

0.02

0.6

0.26
0.041
0.036
0.015
0.031
0.197
0.234
0.016

0.14
0.224
0.224
0.078
0.067
0,068
0.656
0.343

0.0156
0.104
0.161
0.026
0.223
0.0156
0.213

MAF (ExaC)

0.83
0.014
0.045

0.0057
0.0000082
0.3614
0.01092
0.0138
0.042
0.0104

0.65
0.297
0.053
0.019
0.039

0.04
0.168
0.216

0.0062
0.224
0.1945
0.0000082
0.0943
0.122
0.1148
0.661
0.333
0.00948
0.207
0.409
0.0337
0.285
0.0111
0.767

Chi?

0.0268
0.9061
0.54746
1.19E-13
0.000
0.09098
0.5864
0.00836
0.269048
0.18978
0.146349
0.26185
0.45796
0.084456
0.085836
0.524518
0.28245
0.54445
0.09704
0.00524
0,.30337
0.000
0.44242
0.02150
0.040629
0.88363
0.768748
0.381510
0.00042
2.75E-12
0.5543
0.05702
0.55174
1.09E-64

SIFT

Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated
Tolerated

PROVEAN

Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral

Heterozygous (%)

14.58
1.56
3.65
0.52

35.93

22.39
0.52
3.65
2.60
2.08

20.83

17.71
4.17
3.65
1.56
3.13

15.63

19.27
1.56
8.85

18.23

20.31
6.77
6.77
7.29

21.88

25.00
1.56

10.42

13.02
2.60

18.23
1.56

15.10

Homozygous (%)

15.10
0.00
0.00
2.08
0.00
9.89
0.52
0.00
0.00
0.00

22.92
4.17
0.00
0.00
0.00
0.00
2.08
2.08
0.00
2.60
2.08
0.00
0.52
0.00
0.00

17.71
4.69
0.00
0.00
2.08
0.00
2.08
0.00

25.52

Table 6. Common Non-Synonymous and Synonymous Variants in CKiD Cohort and ExAC

Comparison between the MAF (minor allele frequency) of the common non-synonymous and
synonymous variants in the CKiD cohort and in the EXAC database, used as a reference for the

general population. According to the Chi? analysis there was no significant difference found
between the MAF of these two groups. SIFT and Provean scores for the variants are tolerated or
neutral. Percentages of how many patients out of 96 were heterozygous and how many were
homozygous for the common variant are shown in the last two columns.
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CLAUDIN
CLDN1
CLDN8
CLDNS
CLDN12
CLDN14
CLDN16
CLDN17

CLDN18
CLDN19
CLDN20

CLDN24

CLDN25

Variant
S69H
A94V*
T184M
M8V
S58R
F85L*
E78K
1133V*
V12M*
L13F
$118T
G94E
F171S*
Vo7I*
V137l
D147N
A129T

Patient
E12
Al and B12
A2
D4
A4
D10 and H5
E11
E6 and G2
A5 and C9
D6
H4
cé6
H11l and B12
H11 and B12
F10
E10
c7

MAF (EXAC) in %
0.003
0.4
0.002
0.3
NOVEL
0.3
0.14
0.1
1
0.3
0.11
1
0.9
0.6
0.04
NOVEL
0.05

SIFT
0.041
0.002
0.008

1.00

0.00

1.00
0.004
0.039
0.084
0.002
0.063
0.004
0.022
0.207
0.006
0.126
0.010

Table 7. Rare and Novel Non-Synonymous Variants in CKiD Cohort

Rare and novel non-synonymous CLDN variants found in patients with kidney malformations.
All variants were confirmed by Sanger sequencing. All patients were heterozygous. * Indicates
variants that were found in two patients, the rest were only found in one patient. MAF (minor

PolyPhen

1.00
0.997
0.978

0.00

1.00
0.061
0.955
0.924
0.045
0.998
0.028

1.00
0.964
0.248
0.990
0.242

1.00

allele frequency) in the EXAC database is given as a percentage. All variants were subjected to in

silico predictions (PolyPhen and SIFT) to assess their mutagenic effect and a score was given

based on how detrimental the substitution was for the protein function. The scores in red indicate

those variants predicted to be deleterious, those with no color were predicted to be benign.
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3.3 Retroviral Injections in Chick Embryos

In order to investigate the function of the variants I used the RCAS system to infect cells
in the nephric duct. The rare variant in CLDNS (A94V) and the novel variant in CLDN14 (S58R)
were selected for functional analysis given that they are both C-CPE-sensitive claudins. CLDN8
p-A94V was found in two patients, one of whom also carried two mutations in CLDN24. Even
though Claudin-8 was not expressed in the chick nephric duct, it is expressed in the mouse
nephric duct. Claudin-8 is also expressed in the collecting ducts in the adult mouse kidney
(Khairallah, 2013). In cells, Claudin-8 mediates paracellular CI- reabsorption, and it interacts
with Claudin-4, to recruit Claudin-4 to the tight junction. It has been shown that Claudin-8
deletion in the kidney causes hypotension and an increase in urinary salt excretion (Hou et al.,
2010). Claudin-14 is expressed in the thick ascending limb of Henle’s loop (Dimke et al., 2013).
Intronic polymorphisms in CLDNI4 that increase mRNA and protein expression are associated
with a risk for kidney stones (Ure, et al., 2017). As mentioned in the Introduction, Claudin-14 is

also important for calcium homeostasis in mice (Gong et al., 2012).

The nephric duct in HH10 chick embryos was injected with retroviral (RCAS) expression
vectors at the level of the 10" somite. The RCAS vector contained the wildtype or the variant
sequences of CLDNS (A94V) and CLDNI4 (S58R). After incubation, embryos were collected at
HH12-14 when the nephric duct starts to form. This approach allows for all cells of the
intermediate mesoderm and subsequently, the duct, to be infected with the viral expression

vector carrying the claudin wildtype or variant sequence.

First, to assess that the virus was being injected into the right location within the embryo,
in situ hybridization with an antisense riboprobe targeting the viral mMRNA that encodes an
envelope protein made by the virus, was performed. Figure 21 shows env mRNA transcripts on
the injected side (dorsal right), for both the wildtype and variant of CLDNS and CLDNI4.
However, not all embryos examined were positive for env mRNAs on the injected side. In the
injected CLDN8 WT embryos, 9 out of 12 embryos were positive for env mRNA transcripts on
the injected side of the duct (Figure 21a). In embryos injected with the CLDNS variant A94V, 12
out of 14 had env mRNAs detected in the injected duct (Figure 21b). 8 out of 12 embryos
injected with the CLDN14 WT were env-positive in the injected duct (Figure 21c¢), and 10 out of

13 injected embryos with CLDN14 variant S58R had env mRNA detected in the injected duct
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(Figure 21d). These results indicate that there is a 70 to 80% success rate of injections. The rest

of the embryos were negative for env mRNA on both the injected and uninjected sides.

In situ hybridization with Lim/ antisense showed that some embryos had different
nephric duct elongation patterns. Compared to the uninjected side and to the embryos injected
with the CLDN8 WT (Figure 22a), Liml expression was interrupted in the duct infected with the
retroviral particles carrying the CLDN8 variant A94V (Figure 22b). An underdeveloped duct
was also observed in a second RCAS CLDN8 A94V variant embryo (Figure 22c). However,
these patterns were only seen in two out of five embryos. RCAS CLDN14 WT embryos had
normal expression patterns of Liml (Figure 22d), while one of the six CLDN14 variant SS8R

embryos had abnormal Lim! expression (Figure 22e).
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CLDN8 WT

Figure 21. RCAS env In situ Hybridization of 24h Cultured Embryos After Retroviral
Particle Injection at HH10

Whole mount in situ hybridization using antisense RCAS env riboprobe in HH14 (a) and HH15
(b, c, d) embryos, 24h after injection with retroviral particles. Embryos were injected with
retroviral particles into the condensing mesenchyme adjacent to somite 10. (a) RCAS CLDN8
WT embryos showed RCAS infection in the duct on the side of the injection in 9 out of 12
embryos. (b) Embryos injected with retroviral particles encoding CLDN8 A94V also showed
positive RCAS expression in the injected nephric duct in 12 out of 14 embryos. (c) RCAS
CLDN14 WT embryos showed RCAS infection in the duct on the side of the injection in § out of
12 embryos. (d) RCAS CLDN14 variant SS8R embryos showed RCAS infection in the duct on
the side of the injection in 10 of the 13 embryos injected. Green arrows indicate positive RCAS
infection on the injected nephric duct (dorsal view). n= number of positive embryos/total number
of embryos inejcted. Scale bar, 100 mm.
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Figure 22. Lim1 In situ Hybridization of 24h Cultured Embryos After Retroviral Particle
Injection at HH10

Whole mount in situ hybridization using antisense Lim/ riboprobe in HH14 embryos (a, b, c, d,
e), 24h after injection with viral particles. Embryos were injected with retroviral particles into the
intermediate mesoderm adjacent to somite 10. (a) Lim/ expression was normal in RCAS CLDNS
WT embryos in both the injected and uninjected ducts. (b) LimI expression was normal in RCAS
CLDNS8 A94V injected embryos in the injected and uninjected ducts. However the injected duct
is interrupted (shown by brown arrow). (c) A second embryo injected with retroviral particles
encoding RCAS CLDNS8 A94V showed aberrant Lim1 expression in the injected duct (brown
arrow). (d) LimlI expression was normal in RCAS CLDNI14 WT injected embryos in both the
injected and uninjected ducts. (e) Lim/ expression was interrupted in the injected duct with
retroviral particles expressing RCAS CLDN14 S58R. Brown arrows indicate injected side and
phenotype. n= number of embryos with the same expression pattern/total number of embryos
injected. Scale bar, 100 mm.
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CHAPTER 1V: Discussion

Claudins are necessary to form and maintain the tight junction, as well as to mediate
protein interactions that link the tight junction to the actin cytoskeleton (Hartsock and Nelson,
2008). Claudins are implicated in barrier permeability properties in the kidney, by regulating
transport of ions in different segments of the nephron (Breiderhoff et al., 2012; Giinzel et al.,
2009; Hou et al., 2009). Knock-out and knock-down mouse models implicate roles for claudins
in renal barrier function; alerting claudin expression can alter homeostatic balance of ions

leading to renal diseases (Ben-Yosef et al., 2003; Gong et al., 2012).

Although many claudins are expressed during kidney development, before the presence
of a urine filtrate, their function is unknown. Single knock-out and knock-down mouse models of
claudins do not yield any phenotype in early kidney formation. However, some studies have
demostrated that claudins play a role in epithelial morphogenesis. For instance, claudins have
been shown to be important during neural tube formation in the chick (Baumholtz et al., 2017).
In another study, overexpression of Claudin-3 increased tubule formation during branching
morphogenesis in mouse inner medullary collecting duct cell line (mIMCD-3) (Haddad et al.,
2011). A study in Xenopus shows that knock-down of XClaudin-6 prevents differentiation of the
pronephros. Reduced XClaudin-6 prevented the maintenance of the apical-basal polarity and
caused a defect in cell adhesion, interfering with tubule formation (Sun et al., 2015). These
studies suggest arole for claudins in formation of epithelial structures in early embryo

development.

4.1 Claudin-1 and -3 Are Expressed in the Chick Nephric Duct and Claudin-4 Is Expressed in
the Chick Nephric Duct and Mouse Ureteric Bud

The first objective of my thesis was to define when a subset of claudins were first turned
on during early kidney development. I characterized their expression patterns during nephric
duct development in the chick and the mouse. Previous work in the laboratory showed that
Claudin-1, -3, and -4 are expressed in the chick nephric duct (Collins et al., 2013; Simard 2014)
and Claudin-3,-4, -6, -7 and -8 are expressed in the mouse nephric duct and in the ureteric bud
epithelial lineages (Haddad et al., 2011; Khairallah et al., 2013). In the developed kidney,
Claudin-1 (Kiuchi-Saishin et al., 2002), -2 (Enck et al., 2001), -3, -4, -6 (Abuazza et al., 2006),
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-7, -8 (Li etal., 2004), -9 (Abuazza et al., 2006), -10, -11, -14, -16 and -19 (Kiuchi-Saishin et al.,
2002; Angelow et al., 2007; Khairallah et al., 2013) are expressed in different nephron segments
(Angelow et al., 2008). Here, I showed that Claudin-1 is also expressed in the pronephros at
HH17 and in the mesonephros at HH20 (Figure 10). The expression of different claudins in
different species in the pronephros might suggest that claudin function is evolutionary conserved.
XClaudin-6 mediates cell adhesion and polarity in the formation of pronephros in Xenopus,
raising the possibility that Claudin-1 and Claudin-6 could play a role in formation and
maintenance of the epithelium in the pronephros as well as the mesonephric tubules, and the
metanephric kidney. The chick genome does not have Claudin-6, which is why it is not
implicated in the formation of tubular structures in the chick, but it might have a conserved role

in mouse and human.

I showed that Claudin-1 and Claudin-3 expression in the chick nephric duct started at
HH12 once the nephric duct was epithelialized at the level of the 16™ somite, contrary to Liml,
which started to be express earlier, at the level of the 6 somite. Lim/ expression was broader
than Claudin-1 and -3 in the structures giving rise to the kidney, which means that Lim/ is
expressed in cells of the intermediate mesoderm that give rise to the nephric duct and in the
nephric duct itself, while Claudins were only expressed once the duct starts to form a lumen.
After HH12 and by HH14-15 the expression of Claudin-1 and -3 in the embryo starts to increase.
This suggests that the increased claudin expression correlates with the epithelialization of the
nephric duct. When cells undergo MET, claudins are turned on to form tight junctions allowing

cell adhesion and cell polarization to occur.

Claudin-4 was expressed in the nephric duct in both chick and mouse embryos. However,
it was expressed at a lower level than Claudin-1 and -3. From transverse sections, it appeared as
ifnot all cells of the duct expressed Claudin-4. Previous work showed that removing Claudin-4
from the nephric duct with a C-CPE Claudin-4-specific variant disrupted nephric duct
elongation, contrary to Claudin-3-specific C-CPE variants, which did not abrogate nephric duct
elongation (Simard, 2014). This suggests that Claudin-4 plays a more important role than
Claudin-3 during nephric duct elongation. Here, I also showed that Claudin-4 is expressed in the
ureteric bud tips, the ureteric bud trunks and the ureter in E13.5 and E16.5 mouse embryos.

These results implicate Claudin-4 in ureteric bud formation and branching.
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My in situ hybridization analysis of the C-CPE-sensitive claudins also revealed that
Claudin-8 is not expressed in the chick nephric duct. In the adult kidney, Claudin-8 is expressed
in the distal nephron in the convoluted tubule and in the collecting duct. Tissue specific knock-
out of Claudin-8 in the collecting duct causes hypotension and metabolic alkalosis, probably due
to disrupted barrier function resulting from the lack of interaction between Claudin-4 and -8
(Gong Y etal., 2015). This study indicates that interaction between Claudin-4 and Claudin-8 is

important in maintaining the paracellular channel transport in the developed nephron.

Claudin-14 was not expressed in the chick or mouse nephric duct nor during ureteric bud
branching. Claudin-14 is required in the adult nephron, where it acts as a paracellular cation
barrier. Based on the mouse knock-out model (Ben-Yosef et al., 2003), the human mutations
associated with kidney stones (Thorleifsson et al., 2009), and its expression patterns in the distal
convoluted tubule and collecting duct (Kirk et al., 2010), Claudin-14 is essential to maintain the

permeability properties in different nephron segments in the adult kidney.

The expression patterns of claudins in early kidney development, which seemed to be
conserved between species, indicates a role in the formation of the epithelium of the pronephros,
the mesonephros, the nephric duct, and the collecting duct system. This led to the hypothesis that
claudin sequence variants found in patients with kidney malformation will disrupt nephric duct

elongation and/or ureteric bud branching.
4.2 Common Variants in the CKiD Cohort

The incidence of claudin variants in the general population was determined using the
ExAC database (Lek et al., 2016). None of the individuals included in the EXAC database have
severe pediatric disease. There was no significant difference in the MAF of the common variants
in the CKiD cohort as compared to the EXAC. This suggests that none of the common variants

are causal of kidney malformations.

Nonetheless, common variants could be potential risk factors for kidney malformations.
Although they are not disease-causing, common variants affect susceptibility. Common variants
on a CLDN allele that are in cis with rare and/or novel variants may have an additive effect,

contributing to kidney malformations. For instance, if Claudin-4 and -6 have similar functions, a
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mutation in only Claudin-4 might not give rise to a kidney phenotype. However, when combined

with one or more common mutations in Claudin-6, a deleterious phenotype may be observed.
4.3 Rare and Novel Non-Synonymous Variants in the CKiD Cohort

Fifteen rare and two novel claudin variants were found in 96 patients in a heterozygous
state in different locations within the different functional domains of the claudin proteins (Figure
20). The location within each of the domains of the protein can suggest how they might perturb
claudin function. Variants affecting residues within the transmembrane domains could affect
how claudins insert into the membrane, since the four domains anchor the protein within the
phospholipid bilayer. They can potentially also lead to loss of a transmembrane domain. There
were two rare variants (CLDN19 p.L13F and CLDNI18 p.V12M) in the first transmembrane
domain, four (CLDNS8 p.A94V, CLDNI12 p.V98M, CLDN20 p.G94E, CLDN24 p.V97I]) in the
second, three in the third one (CLDNI18 p.1133V, CLDN24 p.V1371, CLDN25 p.A129T), and
one in the fourth transmembrane domain (CLDN24 p. F171S).

In the kidney, claudin barrier properties are important for paracellular transport of
nutrients, waste and water within the different segments of the nephron (Giinzel et al., 2009;
Gong et al., 2012; Van Itallie and Anderson, 2006). The ion selectivity of the barrieris largely
determined by the first extracellular loop, while the second extracellular loop is involved in
claudin-claudin interactions between cells. Variants in the second extracellular loop could disrupt
claudin interactions with other claudins, whereas variants in the first extracellular loop could
affect the permeability properties of the tight junction, by altering residues that contribute to ion
selectivity of the tight junction. There were three rare variants and one novel located in the first
extracellular loop. One rare variant was found in CLDN1 (p.S69H), a novel variant in CLDN14
(p.S58R), a second rare variant in CLDN16 (p.F85L), and a third rare variant in CLKDN17
(p.E75K). Both CLDN14 and 16 have been previously linked with transport ofions in the kidney
(Dimke et al., 2013; Hou et al., 2007). Only one CLDN had a mutation in the second
extracellular loop, CLDN25, p.D147N a novel variant.

Variants in the C-terminal tail can affect claudin localization to the tight junction if they
disrupt a phosphorylation consensus sequence (Tanaka et al., 2005). They can also modify
interactions with PDZ binding proteins, which could lead to alterations in the communication
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with the actin cytoskeleton, affecting cell shape changes. Only one rare variant in CLDN9
(p.T184M) was located in the C-terminal tail, in a putative phosphorylation site for cdc2,
predicted by NetPhos3.1 (Blom et al., 1999). There was also one variant found in the
intracellular domain in CLDN20 (p. S118T). Although there is not that much known about the
function ofthe intercellular domain, it contains palmitoylation sites that appear to be required for

the assembly of claudins in the tight junction (Van Itallie et al., 2005).

Although all patients were heterozygous for both the rare and the novel variants, this
sequence variation can have a significant effect on protein function. Compared to deletions or
insertions, point mutations of an amino acid might not seem to be as detrimental. However, with
heterozygous missense sequence variations, the aberrant protein may compete with the “wild-
type” claudin to localize to the membrane. The variant protein may also disrupt the interactions
of the wild-type claudin with other claudins or other tight junction proteins. Disruption of the
hydrophobic interactions, as well as change of amino acids affecting protein structure might have

a deleterious impact on the protein’s function.

For my functional studies, I prioritized two variants that were found in patients with more
than one claudin variant, novel variants, and C-CPE-sensitive claudin variants. CLDN8 p.A94V
was selected because this variant was found in two patients, one of whom had two other
mutations in CLDN24 and a common variant in CLDN6. The CLDNS8 p.A94V variant was
predicted to be deleterious and has a low MAF in the EXAC database (Lek et al., 2016). The
second variant chosen for functional assessment was CLDN14 p.S58R because it is a novel
variant predicted to be deleterious. Both CLDN8 and CLDN14 are C-CPE-sensitive claudins,
and previous work shows that C-CPE disrupts nephric duct elongation and branching
morphogenesis (Simard, 2014; Khairallah, 2013). For future studies, the next variants to be
prioritized for analyses will be the rare variants in CLDN24 (p.V97I and p.F171S) that were also
found in one of the patients carrying the p.A94V CLDNS variant. Variants found in more than
one patient (p.F85L in CLDN16, p.I1133V in CLDN18, p.VI2M in CLDNI18), and the novel
variant in CLDN25 (p.D147N) will also be prioritized.

In vivo studies in the chick showed that the nephric duct was appropriately targeted in
approximately 70-80% of the embryos injected with the retroviral particles (RCAS CLDNS WT
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and p.A94V, and with RCAS CLDN14 WT and p.S58R). Embryos injected with RCAS CLDNS
A94V retroviral particles had defects in Lim/I expression (n=2/5). The observations that the
success rate of the injections was close to 80% and that 40% of the embryos have a phenotype
suggest that CLDN8 A94V might disrupt nephric duct development. The embryos injected with
the RCAS CLDNI14 p.S58R variant had disrupted Lim/ expression inonly 1 out of 6 embryos,
suggesting that nephric duct development is affected in ~one-third of the properly targeted
nephric ducts. To further confirm the results, more round of injections and analysis of the

embryo sections are needed.

4.4 CAKUT

Although sequencing CAKUT patients has helped in the discovery of new variants, there
is still uncertainty in the strength of these studies in the absence of rigorous functional analysis in
the kidney. Most studies have focused on candidate genes that have been previously linked with
CAKUT (Heidet et al., 2017; Weber et al., 2006). Additionally, in the majority of cohort studies
patients have mild kidney function, or a combination of both mild and severe kidney function
(Thomas et al., 2011; Nicolaou et al., 2015 Weber et al., 2006). For this reason, the best option is
for cohort studies to focus only on patients that have been rigorously phenotyped, or in babies or
children in early childhood that have CAKUT and are in need for dialysis. Sequencing of these
patients will identify variants that are associated with severe congenital renal diseases and are not

the result of environmental factors.

Claudins play important roles in the maintenance and formation of epithelial structures. I
demonstrated that in the nephric duct, claudins are expressed once the lumen starts to form. The
conserved expression of claudins in early kidney development in different species suggests an
evolutionary conserved function. I also showed that overexpression of claudin variants can have
an effect on nephric duct elongation. However, claudin variants could be acting as risk factors
for CAKUT rather than causal mutations. Together these results implicate claudins in epithelial
morphogenesis during kidney development, and the association of mutations in these genes with

congenital renal malformations.
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CHAPTER V: Conclusions and Future Directions

In my thesis project showed that expression of Claudin-1 and -3 starts at HH12 during
epithelialization of the nephric duct. Once the nephric duct is fully developed, Claudin-1 and
Claudin-3 are expressed along the entire anterior-posterior length of the duct up until its insertion
into the cloaca. Claudin-4 was expressed in the chick and mouse nephric ducts and in mouse
embryonic kidney in the ureteric bud tips and trunks. To validate the expression patterns of
Claudin-1, -3 and -4 it is necessary to look at their expression at the protein level in the nephric

duct.

My preliminary results suggest that the rare CLDN8 p.A94V variant and the novel
CLDN14 p.S58R variant disrupt nephric duct elongation. By increasing the success rate of the
injections, I will be able to better assess the effect of the variants and further characterize their
phenotype. The variants can also be functionally tested in vivo by electroporation with a CLDN-
IRES-GFP RCAS vector into the nephric duct using GFP to track the elongation of the nephric

duct in live imaging.

When assessing CLDN variants in patients with kidney malformations, common, rare,
and novel variants were found. Even though there was no significant difference between the
incidence of common variants in the general population and the cohort, it will be interesting to
apply further statistical tests to measure the cumulative effect of common and rare variants. It
would also be useful to do whole-genome or whole-exome sequencing of patients with early
onset CAKUT to look for mutations in claudin variants, as well as for mutations in genes that

have not been previously linked with CAKUT.

Nephric duct elongation and ureteric bud branching require cell-to-cell contacts and cell-
to-cell communication for the formation and maintenance of the epithelium. During kidney
development, mesenchymal cells that undergo MET acquire tight junctions. After the acquisition
of cell contact points, cells can synchronize movements that help the formation of tubular
structures as well as tissue movements. These tissue movements are driven by individual cell
shape changes that occur at the level of the cytoskeleton and are communicated between cells in

the epithelium.

100



Communication between the cytoskeleton and the membrane is essential for the
regulation of cell shape changes in epithelial cell layers. Claudins are essential to maintain
contact points between cells, as well as supporting the interactions with the actin cytoskeleton
that help in cell rearrangements (Hartsock and Nelson, 2008; Itoh et al., 1999). Based on my
results, and on published data, we know that claudins help form and maintain epithelial integrity
through cell-to-cell contacts allowing for the formation of an organized epithelium. During
kidney development these cell rearrangements are essential for the formation and the

maintenance of the epithelium in the nephric duct and the collecting duct system.
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Figure Al. Whole Mount In situ Hybridization Claudin-1 Sense Riboprobe in Chick

Whole mount in situ hybridization of chick embryos at HH11 (a), HH13 (b) HH15 (c) and HH19
(d) using a sense riboprobe for Claudin-1. Scale bar, 100 mm.
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Figure A2. Whole Mount In situ Hybridization Claudin-3 Sense Riboprobe in Chick

Whole mount in situ hybridization of chick embryos at HH13 (a), HH15 (b) HH17 (c) and HH19
(d) using a sense riboprobe for Claudin-3. Scale bar, 100 mm.
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Figure A3. Whole Mount In situ Hybridization Claudin-4 Sense Riboprobe in Chick

Whole mount in situ hybridization of chick embryos at HH12 (a), HH16 (b) HH17 (c) and HH18
(d) using a sense riboprobe for Claudin-4. Scale bar, 100 mm.
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Figure A4. Whole Mount In situ Hybridization Claudin-8 Sense Riboprobe in Chick

Whole mount in situ hybridization of chick embryos at HH11 (a), HH14 (b) HH16 (c) and HH19
(d) using a sense riboprobe for Claudin-8. Scale bar, 100 mm.
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Figure AS. Whole Mount In situ Hybridization Claudin-14 Sense Riboprobe in Chick

Whole mount in situ hybridization of chick embryos at HH10 (a), HH13 (b) HH16 (c) and HH17
(d) using a sense riboprobe for Claudin-14. Scale bar, 100 mm.
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