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temporal and spatial expression boundaries
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The claudin family of proteins are integral components of tight junctions and are responsible for determining the ion
specificity and permeability of paracellular transport within epithelial and endothelial cell layers. Several members of the
claudin family have been shown to be important during embryonic development and morphogenesis. However, detailed
embryonic expression patterns have been described for only a few claudins. Here, we provide a phylogenetic analysis
of the chicken claudins and a comprehensive analysis of their mRNA expression profiles. We found that claudin family
members exhibit both overlapping and unique expression patterns throughout development. Especially striking were
the distinct expression boundaries observed between neural and non-neural ectoderm, as well as within ectodermal
derivatives. Claudins were also expressed in endodermally-derived tissues, including the anterior intestinal portal,
pharynx, lung and pancreas and in mesodermally derived tissues such as the kidney, gonad and heart. The overlapping
zones of claudin expression observed in the chick embryo may confer distinct domains of ion permeability within the
early epiblast and in ectodermal, mesodermal and endodermal derivative that may ultimately influence embryonic
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patterning and morphogenesis during development.

Introduction

Tight junctions are required to maintain the integrity and func-
tion of epithelial and endothelial cell barriers, where they have
two well-established roles in the cell. First, they act to restrict the
movement of proteins between the apical and basolateral mem-
brane compartments and, second, they regulate the passage of
ions and small molecules in the paracellular space."* Several pro-
teins are positioned at the tight junction, including scaffolding,
transmembrane and cytoplasmic proteins, which modulate the
function of the junction. The integral component is the trans-
membrane claudin protein, which determines the ion specific-
ity and permeability of the tight junction.>® The tightness of the
paracellular barrier is determined by the combination of and
interactions between claudin family members that are present
within the cell.”

In vertebrates, over 20 claudin family members have been
identified to date.® All claudins contain four transmembrane
domains, two extracellular loops and an intracellular C-terminal
domain. The first extracellular loop contains several charged
residues that establish a particular claudin’s ability to regulate the
passage of charged ions. The second extracellular loop partici-
pates in homotypic, and in some cases heterotypic, interactions
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with other claudin family members.” The greatest sequence het-
erogeneity between family members is within their cytoplasmic
C-termini, which contain phosphorylation sites that regulate
claudin localization and function and a PDZ-binding domain
that interacts with scaffolding proteins that bridge the tight junc-
tion to the actin cytoskeleton.'2

Recent studies investigating the role of claudins in morpho-
genesis and embryonic development have revealed that claudins
are critical regulators of epithelial integrity during embryo-
genesis."”'® For example, Claudin-4 and -6 are required in the
mouse blastocyst to maintain the hydrostatic pressure that gives
the blastocyst its shape,” and Claudin E is required for epiboly
movements during gastrulation in zebrafish.' In addition, alter-
ing expression of the Xenopus claudin Xcla, or chicken Claudin-1,
during gastrulation, randomizes the direction of heart-looping,
the first conserved morphological sign of left-right patterning in
vertebrates."! However, in some instances targeted gene deletion
of individual family members in the mouse have not yielded any
detectable phenotype® or resulted in only very restricted post-
natal phenotypes,?*** while overexpression of some claudins
have severe effects. For example, the Claudin-6 knockout mice
are viable and fertile,”” whereas overexpressing Claudin-6 in its
endogenous location in the suprabasal layer of the epidermis
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leads to a skin barrier defect that is lethal within 48 h of birth.?
These gain- and loss-of-function studies suggest that some clau-
dins are functionally redundant during the early stages of embry-
onic development, and the balance of claudin gene expression is
critical. In order to explore these questions of redundancy and
address this possibility it is essential to know the temporal and
spatial expression patterns of the claudin family in the embryo.

We are using the chick embryo model system to explore the
roles of claudins during early morphogenetic events in the embryo.
The chick embryo is a powerful animal model that is amenable
for gain- and loss-of-function studies to manipulate the expres-
sion of individual or multiple family members to investigate their
roles in embryogenesis. In order to determine which family mem-
bers should be studied in parallel it is essential to know where and
when they are expressed in the developing embryo. Therefore,
we performed a comprehensive temporal and spatial expres-
sion analysis of the claudin family in chick embryos. We have
previously published detailed expression patterns of Claudin-1
and -5.%% Here, we present the expression patterns for 14 chick
claudin family members during gastrulation, neurulation and
the early stages of organogenesis. We observed that claudins are
expressed in both unique and overlapping patterns, often with
very distinct expression boundaries within a histologically uni-
form epithelial layer. These data suggest that the combinations of
claudins expressed within a specific zone of the epiblast or surface
ectoderm could demarcate regions with differing paracellular
transport properties and ultimately influence the patterning of
underlying mesodermal tissue.

Results and Discussion

The claudin gene family in the chicken

Seventeen claudin family members are annotated in the most
recent build of the chicken genome (NCBI Gallus_gallus-4.0,
GCA_000002315.2). To examine the relationship between
these chicken claudins and their mouse orthologs, we aligned
amino acid sequences and performed phylogenetic analyses
using the Drosophila claudin-like molecule Sinuous (Fig. 1A)
or C. elegans vab-9 (data not shown) as independent outgroups.
A phylogenetic analysis that included the human claudin ortho-
logs was performed in parallel (data not shown). All analyses
gave the same clustering of orthologs, although the bootstrap-
ping values were slightly higher when Sinuous was used as the
outgroup. Each chicken claudin clustered more closely with
its mouse or human ortholog than with other claudin family
members. The relationship between individual chicken clau-
din family members determined in our phylogenetic analysis
agrees with that shown for Takifugu rubripes, zebrafish, mouse
and human claudins.26 Our analyses demonstrate that claudin
orthologs are highly conserved in vertebrate evolution and that
the majority of family members were duplicated prior to the
divergence of birds and mammals.

The genomic organization of claudins in chicken is similar
to what has been observed in humans and mice. Claudins are
distributed throughout the genome with the exception of three
closely linked pairs: Claudin-3 and -4, Claudin-6 and -9 and
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Claudin-8 and -17. Claudin-3 and -4 are located 5 kb apart on
chicken chromosome 19, and Claudin-8 and -17 are located 3 kb
apart on chromosome 1. We noted that the chicken orthologs of
Claudin-6 and -9 lie within a syntenic block that has not been
annotated in the chicken genomic database.

The permeability properties of claudins have been determined
primarily by overexpression studies in cell lines with assess-
ment of the change in transepithelial resistance. Claudins that
impart barrier properties are Claudin-1, -4, -5, -6, -8, -9, -11 and
-19, whereas Claudin-2, -10, -15 and -16 are thought to create
pores, making the junction leakier to ions.”” In our analysis of
the chick claudin family, several of the barrier claudins are clus-
tered together: Claudin-1, -4, -5 and -8. The remaining barrier
claudins (Claudins-6, -9 and -19) are not annotated in the chick
genome. Additionally, pore-forming Claudin-10 and -15 cluster
closely together and are almost 36% identical at the amino acid
level. Claudin-12 and -23 appear to be the least similar to other
members of the family. These claudins are often described as
“non-classic” claudins as their sequences show greater variation
from other claudins and both lack PDZ-binding motifs in their
C-terminal cytoplasmic tails, although the significance of these
differences is not understood.

Functionally important charged residues located within the
first extracellular loop determine the specific ion permeability
properties of a claudin. We aligned these sequences to examine
if common motifs were apparent in the chick family of claudins
(Fig. 1B). A key motif that is found in the first extracellular loop
is W-GLW-C-C. The two cysteine residues in this highly con-
served motif are hypothesized to form a disulphide bond that
enhances stability of the polymerized claudin molecule.® The
W-GLW-C-C motif is present in all chick claudins with the
exception of Claudin-23, which also lacks the C-terminal PDZ-
binding domain that is present in all other family members. As
a consequence, Claudin-23 has lower identity to other family
members and is the most distant member on the phylogenetic
tree.

The second extracellular loop is thought to participate in
side-to-side interactions between claudins in the same cell and in
head-to-head interactions between claudins of an opposing cell.
Heterotypic oligomerization is limited to certain combinations
of claudin family members and little is known regarding what
determines the ability of a particular claudin to participate in
these interactions. We aligned the amino acids corresponding to
the second extracellular loop of the chick claudins to determine
if we could observe any conserved residues or motifs (Fig. 1C).
The second extracellular loops clustered into two groups based
on sequence homology: Claudin-1, -2, -3, -4, -5, -8, -10, -14 and
-15 and Claudin-11, -12, -16, -18, -20, -22 and -23. These groups
of claudins correspond to the “classic” and “non-classic” based
on the sequence homology of the full-length mouse claudin pro-
teins.?® While Claudin-17 is clustered with the “classic” claudins
in the phylogenetic tree of the full length chick claudin pro-
teins, it is an outlier in the second extracellular loop alignment
as it clusters with the “non-classic” claudins, indicating that the
sequence of the second extracellular loop is less conserved than
the rest of the protein sequence.
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Figure 1. Analysis of the relationship between chick claudins. (A) Phylogenetic tree of chick (c) claudin proteins compared with their mouse (m)
claudin orthologs. Bootstrapping values are indicated on tree nodes. The Drosophila claudin-like molecule Sinuous was specified as the outgroup for
analysis. (B) Alignment of the first extracellular loop of chick claudins. Grey highlighted residues are conserved in greater than half of the claudins.

(€) Alignment of the second extracellular loop of chick claudins. Grey highlighted residues are conserved in greater than half of the claudins. Accession
numbers of sequences used are provided in Table 2.
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Figure 2. RT-PCR analysis of claudin family gene expression during
chicken development. mRNA from gastrulation (HH 4-7) and neuru-
lation (HH 8) were amplified by reverse transcriptase PCR. Multiple
products for Claudin-4, -12, -15 and -16 were consistently amplified
non-specifically with different oligonucleotide pairs. The correct band
is indicated with an asterisk and was confirmed by sequencing. Gapdh
was detected at all stages and in all tissues examined.

Expression patterns of claudins during gastrulation and
neurulation

To determine which of the claudin family members are
expressed during embryonic development, we first performed
RT-PCR analyses using poly A+ mRNA from whole gastrulation
and neurulation-staged embryos (HH 4-8) (Fig. 2). All 17 mem-
bers of the claudin family were detected by RT-PCR during these
stages. The identity of all products was confirmed by sequencing.
Single RT-PCR products were detected for all claudins except
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Claudin-4, -12, -15 and -16. Subcloning and sequencing of the
multiple bands obtained for the RT-PCR reactions of Claudin-4,
-12, -15 and -16 revealed that only one of the amplicons encoded
the claudin of interest. Additionally, although the relative levels
of claudin family members differ, the expression level of indi-
vidual claudins did not appear to change significantly between
HH 4 and HH 8.

Next, we performed in situ hybridization analysis to character-
ize the spatial expression domains of claudins during early devel-
opment, beginning at gastrulation. The results of these analyses
are summarized in Table 1. We detected mRNA expression for all
claudins amplified by RT-PCR except for Claudin-20. We have
previously published the expression patterns for Claudin-1** and
Claudin-5% and so these are discussed but not reported in detail
here. In describing the expression patterns, we have primarily
focused on tissues where distinct claudin expression domains are
observed and those claudins that are most highly expressed. In
contrast, several claudin family members were expressed at quite
low levels and did not show significant variation in the different
epithelial layers. We have included images of these embryos dur-
ing gastrulation and neurulation, and their expression patterns
are summarized in Table 1.

Gastrulation involves a series of highly coordinated cellular
movements that generate the three germ layers of the embryo.
During this process, cells from the epiblast undergo epithelial
to mesenchymal transitions at the primitive streak to allow cells
to ingress and give rise to the endoderm and mesoderm. The
cells that remain in the epiblast become ectoderm, which gives
rise to both the neuroectoderm and surface ectoderm. At HH 4,
several claudins were expressed at Hensen’s node, the embryonic
“organizer” in the chick that is a critical signaling site for axis
formation. Claudin-2, -4, -8, -14, -15, -16, -17, -18 and -23 were
bilaterally expressed at Hensen’s node (Fig. 3). Only Claudin-10
showed asymmetric expression on the right side of Hensen’s node
(Fig. 3]).

Throughout gastrulation and neurulation, Claudin-2, -4, -10,
-15, -16, -18 and -23 were uniformly expressed in the epiblast/
embryonic ectoderm (Figs. 3 and 4H-N), and all appear to be
expressed at lower levels than Claudin-1. Interestingly, a subset
of claudins showed differential expression across the epiblast, cor-
responding to the boundary between the non-neural ectoderm
and the presumptive neural plate cells, which are located in a
horseshoe shape at the anterior end of the embryo.?**! Four clau-
dins, Claudin-3, -11, -12 and -22, were expressed in the lateral
non-neural ectoderm and absent from the medial epiblast, which
corresponds to the presumptive neural plate (Fig. 3A-D). Three
claudins, Claudin-8, -14 and -17, exhibited enriched expression
in the presumptive neural plate (Fig. 3E-G). During neurula-
tion (HH 8-12), the neural plate cells thicken to give rise to the
neural folds that move together at the midline and fuse to form
the closed neural tube. Claudin-3, -11, -12 and -22 were absent
from the neural folds (Fig. 4A-D) but were highly expressed in
non-neural ectoderm, while Claudin-8, -14 and -17 continued
to be more highly expressed in the open neural folds at HH 8
(Fig. 4E, F and H). In addition, expression of Claudin-16 and
-18 also became enriched in the open neural folds at HH 8
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Table 1. Summary of Claudin expression patterns

ik 2 3 4 5% 8 10 11 12 14 15 16 17 18 22 23
Gastrulation (HH4 - HH7)

Epiblast ++ + + + = + + + + + + + + + + +
Mesoderm = 4 = + - - + - = = + = + - _ +
Endoderm 1 A = A = A 4 A = + + + + + - +

Hensen’s node = + = + = + +a = = + + + + + = +
Extraembryonic ectoderm + + + + + + + + + + + + + + + +
Neurulation (HH8-HH12)

Neural ectoderm - + - + - + + — - 4 + o g + — +
Non—neural ectoderm + + ++ + - + ++ ++ + + + + ++ +
Pharynx + + ++ ++ - + - - - ++ + + ++ + + +

Heart = ++ = = = = + = = + = = = = = =

Somites - + - - - — = = = - — — — _ _ _

Vasculature - - - - ++ = = = = - - - - _ _ _
Organogenesis (E3-E10)

Eye epithelium + +b + + - + +b - - + + + + + + -

Otic vesicle +b = ++b + = + + + +b + +b + - - - -

Nasal epithelium + + + - - +b +b +b +b +b +b +b +b +b - +b

Limb ectoderm 1 i 1 4 = 4 4 4 4 4 4 4 4 4 4 i

Apical ectodermal ridge + - + + - - - + + = = + - + + _

Surface ectoderm + + ++b + = + +b +b +b + +b + + + +b +

Feather buds + - + + = = = = - - - - — _ _ _

Pancreas 1 = 1 A = - - + - - - - - - - -

Lung + = + = = = + = = = = = = = = =

Kidney + - + + - - St - - - - = - — _ _

Gonad n/a - - = = = = S - — - _ _ _ _ _

Heart = + = = = = = + = = = + + = = +

* the expression patterns of Claudin—1 and Claudin—5 have been published previously; —, absent expression; +, positive expression; ++, robust expres-

sion ; +a, asymmetric expression; +b, expression with boundaries.

(Fig. 4G and I). Similarly to the dramatic downregulation of
Claudin-1 during neural tube closure, claudin expression was not
detected in the closed neural tube (Fig. 5).

Expression of claudins in the surface ectoderm

We next examined the expression pattern of each claudin
between HH 12 and HH 14. A representative embryo from one
of these stages for each claudin is shown in Figure 5. Sections
through these embryos showed that Claudin-2, -3, -4, -10, -11,
-14, 17 and -22 were most highly expressed in the surface ecto-
derm at these stages, while the remaining chicken claudin family
members were expressed at low levels (Fig. 5).

At embryonic day 3 (E3), Claudin-8, -14, -16, -18 and -23
were expressed evenly across the surface ectoderm and continued
to be expressed at low levels at later stages examined (Fig. 5).
In contrast, expression of Claudin-2, -3, -4, -10, -11, -12, -I5,
-17 and -22 was more restricted in the surface ectoderm; discrete
claudin-specific “on-off” expression boundaries were observed.
Some examples of these boundaries are described below. In the
head region, all of these claudins showed reduced expression in
the pharyngeal clefts and in the ectoderm overlying the anterior
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neural tube. In contrast, most claudins were expressed at higher
levels in the surface ectoderm overlying the neural tube at more
posterior regions of the embryo. Representative sections illustrat-
ing these boundaries in embryos analyzed for Claudin-15 and
-22 expression are shown in Figure 6B, B” and D, D', respec-
tively. The majority of claudins were expressed uniformly in the
ectoderm overlying the lens, which is derived from an ectoder-
mal placode; a representative section is shown for Claudin-10
(Fig. 6F). However, unique boundaries of expression in this
region were observed for three claudins: Claudin-2 was highly
expressed in the ectoderm overlying the lens (Fig. 6E), while
Claudin-17 and -22 were absent (Fig. 6G and data not shown).
Claudin-10 expression in the head ectoderm was distinct
from other family members. At HH 14 (embryonic day 2, E2),
Claudin-10 was absent from the ectoderm directly overlying the
closed neural tube throughout most of the body (Fig. SE—E””). At
the anterior end of the embryo, sharp boundaries of Claudin-10
expression were observed over the brain ventricles and closed
neural tube (Fig. 5E’). These boundaries remained through
E5 (Fig. 6H and H'). Interestingly, Claudin-10 expression was
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Figure 3. Expression patterns of claudins during chicken gastrulation (HH 4-5) by RNA in situ hybridization. All images are dorsal views. Transverse
sections were taken through the embryo at the position indicated by the horizontal dashed line. Dashed lines drawn in D, H and K outline the
presumptive neural plate. Arrowheads mark boundaries of claudin expression in the epiblast. Scale bar in A' represents 0.1 mm. Abbreviations: ec,
ectoderm; en, endoderm; hn, Hensen'’s node; m, mesoderm; ps, primitive streak.

absent from the surface ectoderm that is in direct contact with
the neuroectoderm and present in the surface ectoderm that
was separated from the neuroectoderm by a layer of mesoderm
(Fig. 5E" and 6H).

Distinct expression boundaries were also observed in the
ectoderm covering the craniofacial regions. Examples of the
four different patterns that were observed in the nasal pit are
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shown (Fig. 6L-0). Claudin-2 and -3 were expressed uni-
formly across the epithelium outside and lining the nasal pit
(Fig. 6L). Claudin-10, -11, -12, -16 and -18 were expressed
in the frontonasal mass epithelium and lateral nasal promi-
nence, but were absent in the epithelium at the base of the pit
(Fig. 6M). Claudin-15 and -23 were absent from the frontonasal
mass epithelium and nasal pit, but were expressed in the lateral
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en, endoderm; nec, neural ectoderm; ph, pharynx; ps, primitive streak.

Figure 4. Expression patterns of claudins during early neurulation (HH 7-8) by RNA in situ hybridization. All images are dorsal views. Transverse
sections were taken through the embryos at the position indicated by the horizontal dashed line. Dashed lines drawn in B, D, F, G, H, J, K, L and M
outline the neural folds. Arrowheads mark boundaries of claudin expression in the epiblast. Scale bar represents 0.1 mm. Abbreviations: ec, ectoderm;

nasal prominence (Fig. 6N). Finally, Claudin-4 and -22 were
expressed at high levels around the lateral nasal prominence but
absent from the frontonasal process epithelium and nasal pit
(Fig. 60).

In the otic vesicle at E5, most claudins were expressed at low
levels throughout the epithelium (Claudin-2, -4, -8, -10, -11,
-14, or -16) or absent (Claudin-17, -18, -22 and -23), as shown
for Claudin-18 (Fig. 6R). However, distinct boundaries of gene
expression were observed for Claudin-3, -12 and -15 in the region
of the otic epithelium that is in closest proximity to the surface
ectoderm (Fig. 6P and Q), similar to the pattern that we have
previously reported for Claudin-1*

Another region of specialized ectoderm that exhibited differen-
tial expression of claudin family members was the apical ectoder-
mal ridge (AER), an ectodermal thickening at the distal tip of the
limb bud that is a critical signaling center for limb development.
Claudin-3, -4, -11 and -12 were expressed in the AER beginning
at E3 (Fig. 6A and T and data not shown) and Claudin-16, -18
and -22 transcripts were detected in the AER beginning at E5
(Fig. 6U and data not shown). The remaining claudins were never
detected in the AER (Fig. 6S and data not shown), despite the
fact that all claudins were expressed throughout the limb ectoderm
(Fig. 6S-U).

Feather buds form from the surface ectoderm beginning at
day 6.5. We have previously shown that Claudin-1 is expressed
in the periderm of the developing feather bud, initiating in a
few cells at the tip of the bud and elongating down the sides of
the bud during feather outgrowth.** Claudin-3, -4 and -18 were
highly expressed in the forming feather buds and showed two
different patterns of expression (Fig. 6V and W). Claudin-3 and
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Claudin-4 were expressed most strongly in an outer ring around
the developing feather bud (Fig. 6V and V', data not shown).
In contrast, expression of Claudin-18 (Fig. 6W) was uniform
throughout the feather bud, similar to Claudin-1. Sections of
these feather buds revealed that Claudin-3, -4 and -18 expression
was restricted to the outer periderm layer (Fig. 6V” and W).

Expression of claudins in endoderm-derived tissues

Although none of the claudins were expressed in the newly
formed endoderm at gastrulation (Fig. 3), most family members
were expressed in the endoderm beginning at neurulation. At HH
7-8, Claudin-3, -12 and -22 were mostly highly expressed in the
endoderm (Fig. 4A, C and D) and all three were expressed more
strongly at the anterior end of the embryo. Claudin-22 expression
was highest in the lateral endoderm (Fig. 4D”), while Claudin-3,
-8, -11, -12, -16, -17, -18 and -22 had higher levels of expression
in the endoderm underlying the head folds (Fig. 4A-E and G-I)
as compared with the posterior end of the embryo. In contrast,
Claudin-2, -4 -10, -14, -15, -17 and -23 were detected uniformly
in the endoderm along the anterior-posterior axis (Fig. 4F, H" and
J-N).

A primary derivative of the endoderm is the gut. At HH 8,
Claudin-2, -3, -8, -10, -14, -17, -18, -22 and -23 transcripts were
detected in the ventral pharynx (Fig. 4A’, D-F, H-J', L’ and N").
However, by HH 12-14, only Claudin-10, -14 and -22 were
expressed in the pharynx (Fig. 5E”, H and M’). By HH 14,
there was a marked increase in the level of Claudin-10 and -11 in
the endoderm along the entire anterior-posterior axis. Claudin-3,
-4, -11, -12, -14 and -22 were expressed in the anterior intestinal
portal (AIP) (Fig. 5B, C, F, G, H and M). A strong boundary
of Claudin-14 expression was observed in the AIP (Fig. 5Ht”), at
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Figure 5. Expression patterns of claudins during late neurulation (HH12-14) by RNA in situ hybridization. All whole mount views are of the ventral
surface. Transverse sections through the embryos are taken from the position indicated by the dashed line. Asterisks indicate trapped antisense
riboprobe. Scale bars represent 0.1 mm. Abbreviations: aip, anterior intestinal portal; ec, ectoderm; en, endoderm; g, gut; h, heart; nf, neural folds; nt,
neural tube; ph, pharynx; ps, primitive streak; s, somite; tb, tail bud.

the level at which the two points will fuse to form a closed gut We also examined the endodermally-derived organs at E5 and
tube. Only Claudin-3, -4 and 22 were observed in the closed gut  E10, including the pancreas and lungs, for claudin expression.
tube (Fig. 5B, C" and M’ and Fig. 6]"). The pancreas is formed from two buds that develop from the

e24517-8 Tissue Barriers Volume 1 Issue 3



Cldn-17

E = F
oc le {

Cldn-2 E3 Cldn-10

Cldn-18

3 x
N J
pc (' \
, PC
;/’
\
.‘l..__v___lr
A \‘;__ oy
/4 SE & {,
J,’.-—;. J‘L | | -
P — S —
lec
s
aer
E5 Cldn-15 E5
1F
@\\.&
U f 4
Cldn-22 G

Figure 6. For figure legend, see page 10.

www.landesbioscience.com

Tissue Barriers

e24517-9



process; np, nasal pit; oc, optic cup; ov, otic vesicle; pc, pharyngeal clefts.

Figure 6. Expression of claudins in ectodermal derivatives. (A-D) Expression of claudins in E3 embryos. Whole mount views of E3 embryos show-
ing expression of Claudin-3 (A), Claudin-15 (B), Claudin-17 (C) and Claudin-22 (D). (B’, D’) Transverse sections taken at the level of the dashed lines
indicated in B and D indicate boundaries of claudin expression observed in the surface ectoderm. (E-G) Claudin expression patterns in the eye.
Sections through the head of Claudin-2 (E), Claudin-10 (F) and Claudin-17 (G) illustrate claudin boundaries in the surface ectoderm overlying the
developing eye of E3 embryos. (H, H’) Expression of Claudin-10 in a whole-mount view and transverse section through the head at the level of the
dashed line. Arrowheads indicate boundaries of expression in the surface ectoderm overlying brain ventricles. (I, J) Whole mount views of E5 em-
bryos hybridized to a Claudin-3 or Claudin-12 riboprobe. (L-0) Claudin expression in the nasal pit of a E5 embryo. Representative examples of four
expression patterns observed in the nasal pit. Dashed lines outline the position of the nasal epithelium. (P-R) Expression patterns of claudins the
otic vesicle. (5-U) Claudin expression in the apical ectodermal ridge (AER). Claudin-15 is a representative example showing expression in the limb
ectoderm, but no AER expression (S) as compared with Claudin-3 and -22, two examples of claudins highly expressed in the limb ectoderm and AER
(T, U). (V, W) Expression of Claudin-3 and -18 in the feather buds of E10 embryos. Sections through the skin and feathers are shown in (V’) and (W’).
All scale bars represent 0.1 mm. Abbreviations: aer, apical ectodermal ridge; fnm, frontonasal mass; le, lens; lec, limb ectoderm; Inp, lateral nasal

foregut. These buds fuse to form a single organ by E7. Claudin-3
and -4 were detected in primitive buds at E5 (data not shown)
and were highly expressed at E7 in the epithelial cells of the pan-
creatic ducts (Fig. 7A and B). The level of expression is equiv-
alent in all positive cells (Fig. 7A” and B’). Faint expression of
Claudin-11 was observed in the pancreas starting at E7 (Fig. 7C).
No other claudins were expressed in the pancreas (Fig. 7D and
data not shown).

At E5, no claudins were observed in the esophagus and only
faint expression of Claudin-3 was observed in the early lung
bronchus (data not shown). The lung bud endoderm subse-
quently undergoes several rounds of budding and branching. By
E7, we observed Claudin-3 and -10 expression in the branched
lung (Fig. 7E and F). Frontal sections through the E10 lung
showed that Claudin-10 expression was uniform throughout the
branching bronchi (Fig. 7F and F’). In contrast, Claudin-3 was
preferentially expressed at the bud termini (Fig. 7E and E’) and
exhibited variable expression along the length of the lung epithe-
lium. This pattern is similar to what we observed for Claudin-1
expression in the lung.*

Claudin expression in mesodermally-derived tissues

Much of our knowledge about claudins and their physiological
role in regulating ion permeability comes from functions described
in the adult mammalian kidney, where well-defined boundaries of
claudin expression along the nephron render particular segments
permeable to different ions.” Additionally, the functional relevance
of these boundaries of claudin expression are reflected in human
mutations in claudins that affect resorption of calcium and magne-

sium ions,”‘“ 20,35-37

as well as in mouse transgenic models.

We examined the expression of claudins during three stages
of kidney development: development of the pronephros, meso-
nephros and metanephros. In addition to Claudin-I, which is
expressed in the nephric duct, and Claudin-3, whose expres-
sion in the nephric duct and kidney has been described previ-
ously,® the only other claudin detected in the nephric duct
was Claudin-4 (Fig. 7] and J’). Claudin-4 expression was more
temporally restricted, and it was not detected in the proneph-
ric, mesonephric, or metanephric kidney (data not shown). In
contrast, Claudin-10 was not expressed in the nephric duct but
was highly expressed in the pronephric tubules at E3 (Fig. 7G
and G’) and in the mesonephric and metanephric kidneys at E10
(Fig. 7H and I). Sections through the metanephric kidney show
that Claudin-10 expression is restricted to the epithelial cells of
the kidney tubules (Fig. 71"). We did not detect expression of
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other claudins in the mesonephric or metanephric kidneys by in
situ hybridization at the stages we examined.

In addition to giving rise to the kidney, the intermediate
mesoderm will also differentiate to form the gonad, which is
positioned against the mesonephric kidney. We only detected
expression of Claudin-11 in this tissue (Fig. 7K), which was
expressed bilaterally in the gonads, but absent from the kidney.
Interestingly, Claudin-11 has been implicated in male fertility in
mice. The Claudin-11 null mouse line exhibits Sertoli cell dis-
sociation from the basement membrane, resulting in abnormally
localized germ cells, increased apoptosis in germ cells and halted
spermatogenesis at meiosis.”

The embryonic heart is derived from lateral plate mesoderm
tissue, cardiac fields and neural crest cells. We did not detect any
claudins in those tissues during gastrulation and early neurula-
tion. However, at E5 we observed expression of Claudin-2, -11,
-16, -17 and -23 in the endocardial lining of the atria (Fig. 7L-N,
data not shown). With the exception Claudin-16, all of these
claudins were also expressed in the forming endocardial cushions.

Experimental Procedures

Phylogenetic analysis of chicken claudins
Alignment of chicken claudin amino acid sequences was per-
formed using ClustalX 2.0.12.# Multiple and pairwise align-
ment parameters were kept at default values with the exception
of using the PAM series protein weight matrix for both align-
ment criteria. Sequences were trimmed at the N-terminal end to
the first conserved aligned amino acid. Aligned sequences were
processed using PHYLIP version 3.69 programs SEQBOOT,
PROTDIST, NEIGHBOR and CONSENSE.?* Briefly, 100
bootstrapped data sets were created from the original alignment
using SEQBOOT and used in PROTDIST to generate a dis-
tance matrix using the Dayhoff PAM matrix method. Distance
matrices were then used as randomized input in NEIGHBOR to
generate a neighbor-joining tree, and the Drosophila claudin-like
molecule Sinuous (Fig. 1A) or C. elegans vab-9 was specified as
the outgroup. The final tree was generated using CONSENSE.
Unless specified, default parameters were used in all programs
described. Accession numbers of claudin protein sequences used
for analysis are described in Table 2.

RT-PCR and ¢cDNA cloning of chicken claudins

Fertilized eggs were obtained from Couvoir Simetin Hatchery
(Mirabel) and incubated at 38.5°C until the appropriate age was
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Figure 7. Claudin mRNA expression patterns in organs derived from the endoderm and mesoderm. (A-C) Claudin-3, -4 and -11 are expressed in the
pancreas. Shown for comparison is Claudin-16, which is not expressed in the pancreas (D). Sections through the pancreas showing expression of
Claudin-3 and -4 in epithelialized ductal cells are shown in (A’) and (B’). (E, F) Expression of Claudin-3 and -10 in the E10 lung. Frontal sections through
the lung show differences in the localization of Claudin-3 (E’) and uniform expression of Claudin-10 (F’) in the bronchi. (G-J) Expression of claudins in
the developing kidney. Expression of Claudin-10 in a E3 embryo (G) and pronephros (G’), in the E10 mesonephros (H) and metanephros (I, I’). Frontal
sections through the metanephric kidney show localization of expression to duct cells (outlined in black dashed line). (J) Whole-mount view of the ex-
pression of Claudin-4 in a E3 embryo. (J) Transverse sections through the E3 embryo show expression in the nephric duct. (K) Expression of Claudin-11
in the gonad of a E10 embryo. (L-N) Expression of claudins in the E5 heart. Arrowheads indicate expression in the endocardial cushions. All scale bars
represent 0.1 mm. Abbreviations: at, atria; enc, endocardial cushions; g, gut; go, gonad; int, intestine; ms, mesonephros; mt, metanephros; nd, nephric
duct; pa, pancreas; pn, pronephric tubules; ve, ventricle.

reached. Embryos were staged using Hamburger and Hamilton — embryos (excluding extra-embryonic membranes) were dissected
(HH) staging criteria.”” Embryos were handled according to the and flash frozen in liquid nitrogen. Poly A+ mRNA was isolated
Canadian Council on Animal Care guidelines. Whole HH 4-8  using the MicroFast Track 2.0 kit (Invitrogen) and RT-PCR
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Table 2. Accession numbers of claudin amino acid sequences used for
phylogenetic analysis

Gene Accession number
cClaudin-1 NP_001013629
cClaudin-2 XP_420271
cClaudin-3 NP_989533
cClaudin-4 XP_003642430
cClaudin-5 NP_989532
cClaudin-8 XP_425544
cClaudin-10 XP_001232227.2
cClaudin-11 ENSGALP00000015219
cClaudin-12 XP_001234158
cClaudin-14 XP_425552
cClaudin-15 ENSGALP00000003668
cClaudin-16 ENSGALP00000011742
cClaudin-17 XP_425543
cClaudin-18 XP_426691
cClaudin-20 XP_001232003
cClaudin-22 XP_425804
cClaudin-23 ENSGALP00000031534
mClaudin-1 NM_016674
mClaudin-2 NP_057884
mClaudin-3 NM_009902
mClaudin-4 NP_034033
mClaudin-5 AAH83341
mClaudin-6 AAH50138
mClaudin-7 AAH50007
mClaudin-8 AAH03868
mClaudin-9 AAH58186

mClaudin-10 AAH29019
mClaudin-11 NM_008770
mClaudin-12 AAH247057
mClaudin-13 AAN03863
mClaudin-14 AAGO051
mClaudin-15 NM_021719
mClaudin-16 NP_444471
mClaudin-17 NM_181490
mClaudin-18 NP_062789
mClaudin-19 AAM12735
mClaudin-20 NP_001095030
mClaudin-22 NM_029383
mClaudin-23 AAH85262
Sinuous NP_647971
vab-9 NM_063435

was performed using the QIAGEN One-Step RT-PCR kit.
Oligonucleotide sequences and fragment sizes are described in
Table 3. Full length or partial sequences were cloned into the
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pSC-A vector using the Strataclone kit (Stratagene) and clones
were sequenced to confirm their identity using the BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems).

Whole-mount in situ hybridization

Antisense digoxygenin-labeled riboprobes for chicken clau-
dins were made from linearized cDNA constructs and transcribed
using the appropriate RNA polymerase according to standard
protocols. Whole-mount in situ hybridization was performed
as previously described.** Proteinase K (10 pg/ml) treatment
was performed for 2 min for embryos younger than embryonic
day 2, 5 min for E3—4 embryos, 10 min for E5—-6 embryos and
20 min for E10 embryos. Embryos were photographed under a
Leica MZFLIII dissecting microscope with SPOT Advanced
digital image capture software. Prior to sectioning, embryos
were either dehydrated through graded ethanol washes, cleared
in xylene and embedded in paraffin or were cryoprotected in
sucrose and embedded in OCT (Tissue-Tek). Blocks containing
whole embryos were sectioned at 10 pwm, and limbs were sec-
tioned at 7 pm. Paraffin sections were collected on Fisherbrand
Superfrost Plus microscope slides, dried overnight, rinsed twice
in xylene to remove paraffin and coverslipped with Permount.
Cryosections were air-dried for a minimum of two hours, washed
in PBS and coverslipped using glycerol gelatin (Sigma). Images
were captured using a Zeiss Axiophot compound microscope and
AxioCamMRc camera with Axiovision v4.7.1.0 software.

Summary

Our analysis of the claudin family of integral tight junction
proteins revealed that chicken claudins cluster more closely
with their mouse and human orthologs than with other clau-
din family members. We found that the genomic organization
of two claudin pairs is conserved between chicken and mouse,
suggesting these gene duplication events occurred early during
chordate evolution. Despite the observation that the chicken
genome has an increased rate of loss compared with other

genomes,

the majority of the claudin family is present in the
chicken suggesting that these genes are part of the “core” verte-
brate genome. Spatial and temporal investigation of the mRNA
expression patterns of the claudins investigated in this man-
uscript and those that we have previously published revealed
that many claudins are co-expressed, suggesting that their tran-
scription may be co-regulated by a similar set of transcription
factors. We also identified tissues that express only a subset of
claudins and examined tissues that have boundaries of claudin
expression, including epithelial derivatives in the craniofacial
region, feathers and internal organs. These results suggest that
a combinatorial code of claudins in a particular tissue may be
involved with the establishment of microenvironments neces-
sary for normal development or affect the morphogenesis or
patterning of an apparently uniform epithelium at these early
stages of embryogenesis.

Disclosure of Potential Conflicts of Interest

No potential conflict of interest was disclosed.
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Table 3. Oligonucleotide primers used for RT-PCR

Gene Gene ID Primer Sequence Product Size
cClaudin-2 Gl:118089520 Forward 5'-cca tgg tct cta tgg gac tcc-3' 684
Reverse 5'-gct tct aca cgt atc ccg tc-3'
cClaudin-3 Gl:46049088 Forward 5'-gcc cat gtg gag ggt gac-3' 376
Reverse 5'-cac cag cgg gtt gta gaa at-3'
cClaudin-4 Gl: 363741048 Forward 5'-cgg gat ccg atg gcc tcc atg ggg ct-3' 622
Reverse 5'-gtg gaa ttc ctt aca cgt agt tgc tg-3'
cClaudin-8 GI:50730032 Forward 5'-atg atc agt ggt gcg tgc caa att gc-3' 675
Reverse 5'-cta gac gta ctg act ctt aga gta gg-3'
cClaudin-10 Gl:118084678 Forward 5'-cat ggc gag cac gtc ggc gga g-3' 687
Reverse 5'-tta aac gta agc gtt ctt gtc-3'
cClaudin-11 Gl:118095299 Forward 5'-cat ggg tgg cca cct gcc tgc a-3' 608
Reverse 5'-ttc aga cgt ggg cgc tct ta-3'
cClaudin-12 Gl:118085731 Forward 5'-atg ggc tgc agg gat gtt cat-3' 738
Reverse 5'-ctt aag atg tgt gtg tca caa ca-3'
cClaudin-14 GI:118083818 Forward 5'-atg gca agc acg gcc gtt cag tta ¢-3' 708
Reverse 5'-tca cac ata gtc att caa tct gta gc-3'
cClaudin-15 Gl:50751942 Forward 5'-atg gct tca tct tct cta cag-3' 675
Reverse 5'-tta gat gta ctc ctt g-3'
cClaudin-16 GI:50752418 Forward 5'-atg cca ctg gat gta cca aca cc-3' 744
Reverse 5'-tca cac tct tgt atc cac ggc-3'
cClaudin-17 Gl:118083832 Forward 5'-cat ggc ttg ctg tgc att ac-3' 669
Reverse 5'-gcc ttc tat acg tat gcc tgc-3'
cClaudin-18 Gl:118094873 Forward 5'-atg tcc acg acc ctc tgg ¢-3' 780
Reverse 5'-cta gac gta ctg act ctt aga gta gg-3'
cClaudin-20 Gl:118088400 Forward 5'-ccg aac tgg aag gta aat gc-3' 522
Reverse 5'-cat gct cct tgc tgc ttt ttg-3'
cClaudin-22 Gl:118101949 Forward 5'-atg cta ctg gcg ctc ttc gg-3' 654
Reverse 5'-cag att acc agg tca gcg-3'
cClaudin-23 Gl: 50746852 Forward 5'-atg cgg aca ccg gcc gtg at-3' 702
Reverse 5'-tca tct tgg ggt ctg g-3'
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