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Claudins, the major transmembrane proteins of tight junctions, are
members of the tetraspanin superfamily of proteins that mediate
cellular adhesion and migration. Their functional importance is
demonstrated by mutations in claudin genes that eliminate tight
junctions in myelin and the testis, abolish Mg?* resorption in the
kidney, and cause autosomal recessive deafness. Here we report
that two paralogs among 15 claudin genes in the zebrafish, Danio
rerio, are expressed in the otic and lateral-line placodes at their
earliest stages of development. Related claudins in amphibians and
mammals are expressed in a similar manner in vertebrate primor-
dia such as sensory placodes, branchial arches, and limb buds. We
also show that the claudin gene family may have expanded along
the chordate stem lineage from urochordates to gnathostomes, in
parallel with the elaboration of vertebrate characters. We propose
that tight junctions not only form barriers in mature epithelia, but
also participate in vertebrate morphogenesis.

Compartments bounded by epithelia are a fundamental fea-
ture of any metazoan. Compartmentalization overcomes the
limitations imposed by diffusion and facilitates the control of
cellular environments, the division of labor among differentiated
cell types, and the efficient transport of nutrients and informa-
tion over long distances. To form effective diffusional barriers,
epithelia use two types of intercellular seals, tight junctions and
septate junctions (1, 2). Both contain matching strands of
intramembrane particles in the apposed cell membranes. Both
are selective and dynamic rather than impermeable and static
barriers. Both are linked by intracellular membrane-associated
proteins to signaling pathways and the cytoskeleton. The two
types of junctions are distinguished by their ultrastructure and
their distribution among metazoan phyla. At tight junctions the
intercellular space is wholly obliterated, whereas at septate
junctions the apposed cell membranes are separated by distinct
septa and remain 12-18 nm apart. Tight junctions are in general
characteristic of chordates, whereas septate junctions are found
in nonchordates (1). However, tight junctions also have been
found in the blood-brain and blood-testis barriers of adult
arthropods (3) and septate junctions occur at the nodes of
Ranvier in the vertebrate nervous system (4).

The intercellular barrier in mammalian tight junctions is
formed by claudin proteins (2), members of the tetraspanin
superfamily of integral membrane proteins that mediate cel-
lular adhesion and migration (5). The mammalian claudin
family comprises at least 20 members (6). Mutations in claudin
genes eliminate tight junctions in myelin and the testis (7),
abolish Mg?* resorption in the kidney (8), and cause autoso-
mal recessive deafness (9). Claudins by themselves can form
the strands of membrane particles that are characteristic of the
vertebrate tight junction (10). For septate junctions and
arthropod tight junctions, in contrast, the molecular nature of
the barrier remains unknown (4).

Compartmentalization is not only a hallmark of metazoans,
but also may have facilitated the increase in diversity and
complexity during their evolution (11, 12). Compartments in a
broad sense—of body plans, genomes, and developmental pro-
grams—allowed variation of individual modules while protecting
others from the potentially deleterious effects of mutations.
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During the evolution of vertebrates, for example, the chordate
body plan was retained while novel structures such as the
cranium, paired sensory organs, and paired appendages were
added (13, 14). This increase in anatomical complexity likely
reflected an increase in genetic complexity as many gene families
expanded by retrotransposition, tandem duplication, and dupli-
cation of whole genomes (15, 16). The redundancy of the
duplicated genes presumably allowed them to evolve indepen-
dently and to acquire novel functions or perform old functions
in novel combinations (14, 17). During the embryonic develop-
ment of chordates, members of all subphyla have been postulated
to pass after gastrulation through a common phylotypic period
(11, 18). Only then do the primordia of characteristic vertebrate
structures become apparent and only thereafter do features
specific to the various orders, classes, and families develop.

Vertebrate tight junctions had been until recently investigated
in detail only in adults or during early cleavage of the embryo
(19). During a cDNA subtraction screen in the zebrafish, Danio
rerio, we identified two claudin genes that are expressed after
gastrulation with exquisite specificity in sensory placodes and the
pronephros. This expression during the phylotypic period in
characteristic vertebrate structures and the importance of tight
junctions for compartmentalization suggested a connection be-
tween claudins and vertebrate evolution and ontogeny. We
therefore investigated the phylogeny of claudins and their ex-
pression in vertebrate primordia.

Materials and Methods

Subtractive ¢DNA Hybridization. Zebrafish embryos at about
prim-6 stage were cut transversely with ultra-fine scissors (Fine
Science Tools, Foster City, CA) anterior and posterior to the otic
vesicle and at the seventh somite (Fig. 1a). The hindbrain region
containing the otic vesicles was removed (“‘ear” sample), as were
the anterior part of the head, the trunk, and the tail (“head-
and-tail” sample). From 150 embryos, 2 ug of total ear RNA and
70 g of total head-and-tail RNA were obtained by purification
with Trizol (Life Technologies, Rockville, MD), digestion with
DNasel, and centrifugation through a cesium trifluoracetate
cushion. One microgram from each sample was used for cDNA
synthesis and limited amplification with a Smart PCR cDNA
synthesis kit followed by subtractions with a PCR-Select
cDNA subtraction kit (CLONTECH).

Differential Filter Hybridization. A plasmid library was prepared
with the cDNAs that remained after the forward subtraction
with ear cDNA as tester. The PCR-amplified inserts of 376
clones were spotted onto duplicate filter sets and hybridized with
radioactively labeled probes from either the forward or the
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Fig. 1. Zebrafish c/dna and c/dnb mark the earliest developmental stages of the acoustico-lateralis system. (a) Material dissected for the subtractive cDNA
hybridization: ear region in yellow; head and tail regions in mauve. [Reprinted with permission from ref. 48 (Copyright 1995, Wiley-Liss, a subsidiary of John Wiley
&Sons, Inc.)]. (b and f~h) Whole-mount in situ hybridizations with antisense probes for c/dna, which labels the developing ear, and krox20, which marks hindbrain
rhombomeres 3 and 5. (c-e) Immunofluorescence detection of Cldna protein throughout the cell membranes of the otic vesicle after acetone permeabilization
(c and d), but only at the apical surface of the sensory epithelium, the location of tight junctions, after detergent extraction (e; Cldna in red, nuclei in green).
Each panel shows the combination of several adjacent confocal sections; in d, the vesicle was sectioned tangentially. (i—k) Whole-mount in situ hybridizations
with antisense probes for c/dnb, which labels placodal structures, including those of the ear and lateral-line organ, and for krox20. (k) Migrating placode of the
posterior lateral line, with brown pigment cells and boundaries between somites 19 and 22 marked by slanted lines. Views are lateral (a, c—e, and k), dorsolateral
(b), or dorsal (f=j), all with anterior to the left, and of whole embryos (a, b, and f-i) or details (c-e, j, and k); in i and j, the specimens have been flattened. L, lumen
of the otic vesicle; A, apical surface of the otic vesicle’s epithelium; HC, hair-cell nuclei; SC, supporting-cell nuclei; r3 and r5, hindbrain rhrombomeres 3 and 5; OF,
otic field; OIf, olfactory placode; OP, otic placode; PD, pronephric duct; ALL, anterior lateral-line placode; OV, otic vesicle; PLL, posterior lateral-line placode.

reverse subtraction. For 32 clones, the hybridization signal was
more than one standard deviation above average with the
forward-subtracted probe, but within one standard deviation of
the average with the reverse-subtracted probe.

In Situ Hybridization. Whole-mount in situ hybridizations were
conducted as described (20-22). For double labeling, a digoxi-
genin-labeled probe for zebrafish cldna or cldnb mRNA and a
fluorescein-labeled probe for krox20 mRNA were detected
sequentially with the same blue chromogen. No labeling was
observed in control hybridizations with sense probes.

Cloning and Sequencing. The partial c/dna cDNA from the sub-
tractive hybridization was used to screen a bacteriophage library
from 24-h-old zebrafish embryos (Stratagene) and to isolate a
full-length cDNA, as confirmed by Northern blotting. A partial
cDNA for Xenopus laevis cldna was amplified with the degen-
erate primers 5'-TGGGARGGNHTNTGGATG-3' and 5'-
RYNADNGGRTTRAARTCNYG-3' and used to isolate a
full-length ¢cDNA from an embryonic stage 30 library (Strat-
agene). Zebrafish and mouse cDNAs identified by BLAST
searches (23) of GenBank were purchased from Incyte Genom-
ics (St. Louis). The zebrafish and frog cDNAs were sequenced
completely on both strands.

Nomenclature. We numbered each nonmammalian claudin gene
like the human ortholog with the lowest suffix. If an ortholog
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could not be identified unambiguously, a character suffix was
assigned provisionally. If a subsequent study identifies the
human ortholog, a character suffix may be changed to the
appropriate number.

Immunofluorescence. The coding sequence of zebrafish cldna was
amplified with the PCR primers 5'-CGGGATCCAATTGTTC-
CACCATGGTATCA-3" and 5'-GCAAGCTTGCTCTAGAT-
CAGACATACCCCTTGGTTCC-3' and inserted between the
BamHI and HindIII sites of the vector pET-28a(+) (Novagen).
The resulting fusion protein was expressed in Escherichia coli
BL21(DES3), purified by affinity chromatography under dena-
turing conditions on Ni?*-Sepharose (Novagen), and used to
immunize rabbits. Antibodies specific for the carboxyl terminus
of Cldna were isolated by affinity chromatography (24) with the
peptide NH,;-CANSPPOQDQYKATYTARSGGTKGYV-
COOH linked to Sulfolink gel (Pierce). On a Western blot, the
affinity-purified antiserum recognized the recombinant full-
length Cldna protein, but not a deletion mutant without the
carboxyl terminus. After fixation, zebrafish embryos were per-
meabilized by extraction with acetone at —20°C for 7 min or with
1% (vol/vol) Triton X-100 in PBS at room temperature for 1 h,
and labeled as described (ref. 25, protocol 6.12) with a 1:10,000
dilution of the anti-Cldna serum, 3 pug/ml Alexa-488-conjugated
goat anti-rabbit antiserum, and 1 pg/ml of the nuclear stain
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To-Pro-3 (Molecular Probes). Fluorescence was detected by
confocal microscopy.

Phylogenetic Analysis. Protein sequences were aligned with CLUST-
ALX 1.81 (26), and transmembrane segments were predicted with
TMHMM 2.0 (27). The aligned claudin sequences in FASTA format
are available as supplemental text, which is published on the
PNAS web site, www.pnas.org. Pseudoreplicate data sets were
generated with SEQBOOT from the PHYLIP 3.573c package (28);
columns of the alignment that contain an initial methionine or
a gap were disregarded. Maximum-likelihood distances and tree
probabilities were calculated with TREE PUZZLE 5.0 (29) by using
the WAG substitution matrix and a discrete I' distribution with
four bins. PAUP 4.084a (30) was used in heuristic searches for
optimal tree topologies with minimum evolution as the objective
function and to draw a consensus tree.

Locating Introns. For the human claudin genes, we deduced exon
boundaries in the coding regions from the literature (31) or
published mRNA and genomic sequences. For mouse Cldn13
and the zebrafish claudins, we used PRIMER3 (Www-
genome.wi.mit.edu/genome_software/other/primer3.html) to
design primer pairs that flanked the intron positions observed in
the human genes (Table 2, which is published as supplemental
material). To amplify products shorter than 1 kb, we conducted
PCRs containing 0.035 units/ul Amplitaq Gold enzyme (Ap-
plied Biosystems), 1X Amplitaq Gold buffer, 2.5 mM MgCl,, 0.2
mM each dNTP, 0.8 uM each primer, and 2.5 ng/ul genomic
DNA (Research Genetics, Huntsville, AL) with the following
protocol: 95°C for 10 min; 30 cycles of 94°C for 30 s, 68°C for 30s,
72°C for 2 min; and 72°C for 3.5 min. To amplify products longer
than 1 kb, we conducted PCRs containing 0.15 ul Expand
long-template enzyme mixture (Roche Diagnostics) per 10 ul,
1X Expand buffer 2, 0.5 mM each dNTP, 0.3 uM each primer,
and 5 ng/ul genomic DNA with the following protocol: 92°C for
2 min; 10 cycles of 92°C for 10 s, 68°C for 30 s, 68°C for 15 min;
20 cycles of 92°C for 10 s, 68°C for 30 s, 68°C for 15 min plus a
20-s extension per cycle; and 68°C for 7 min. The PCR products
were sized by gel electrophoresis and sequenced across the
exon-intron boundaries. In all cases, splice donor (GT) and
acceptor (AG) sequences bounded the introns.

Physical Mapping. The chromosomal locations of the human
claudin genes were obtained from the LOCUSLINK database (32)
and BLAST searches of the human genome sequence. Zebrafish
genes were mapped with the T51 radiation-hybrid panel (Re-
search Genetics), the primers shown in Table 2, and Amplitaq
Gold under the conditions described above, except for an
annealing temperature of 60°C. The scoring data were analyzed
by use of the mapping server at the Max-Planck-Institut fiir
Entwicklungsbiologie in Tiibingen, Germany (33). Zebrafish
orthologs of genes within 2 Mb of human CLDN3 and CLDN4
were found by iterative searches of GenBank. Orthology was
assumed if the predicted zebrafish protein in a reciprocal BLASTP
search matched the human protein most closely, with at least
60% pairwise sequence identity, and clustered with the human
protein on a phylogenetic tree of similar sequences from any
organism.

Results and Discussion

To study the formation of the vertebrate ear from its primor-
dium, the otic placode (34), we conducted a screen for molecular
markers in the zebrafish that comprised a cDNA subtraction
(35), a differential filter hybridization, and in situ hybridizations
at prim-6 stage (Fig. 1a). At this stage, when the first sensory hair
cells have formed (36), one of the genes we identified was
expressed exclusively in the otic vesicle (Fig. 1b). Because the
protein encoded by a full-length cDNA from this gene is most
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similar to mammalian claudins, we refer to the zebrafish gene as
claudin a (cldna; see Materials and Methods for nomenclature).
Consistent with the presence of the protein Cldna in tight
junctions, an antiserum against its unique carboxyl terminus
detected the protein after detergent extraction solely at the
apical surface of the otic vesicle’s epithelium (Fig. 1 c—e).
Expression in the ear has previously been described only for
mouse Cldnl4 and only after birth (9). Immature tight junctions,
however, have been observed in the chicken’s ear as early as
embryonic stage 15, before the otic cup closes (37).

Because the mammalian claudin family comprises at least 20
members (6), we speculated that zebrafish also might harbor
multiple claudins and that more than one gene might be ex-
pressed in the developing ear. BLAST searches of GenBank with
all known human claudin sequences revealed 14 additional
zebrafish genes that encode claudin-like proteins; reciprocal
database searches with the zebrafish protein sequences always
identified a mammalian claudin as the closest match, with at least
43% sequence identity (Fig. 5, which is published as supplemen-
tal material). Although our set of 15 zebrafish claudins may be
incomplete, it is comparable in size to the mammalian gene
family. In whole-mount in situ hybridizations with probes for the
14 additional zebrafish claudins, we found that one of them,
cldnb, also is expressed in the ear at prim-6 stage (Fig. 1j).

During the first 36 h of development, the expression patterns
of cldna and cldnb are similar, but not identical. We first detected
the mRNAs of both genes at the end of gastrulation (Fig. 1f and
data not shown), shortly after the time of otic induction (38).
Their initial expression domains, diffuse stripes along both sides
of the hindbrain primordium, coincide with the presumptive otic
fields. At the 10-somite stage, concomitant with the invagination
of the otic placode, these domains have shrunk and sharpened
(Fig. 1 g and &). Unlike cldna, which is expressed exclusively in
the ear at least until prim-22 stage, cldnb is expressed also in the
olfactory placode and the pronephric duct (Fig. 17). In addition,
we detected cldnb mRNA after prim-6 stage in patches rostral
and caudal to the otic vesicles (Fig. 1) that represent placodes
of the anterior and posterior lateral lines (39). At later stages, the
caudal boundary of the posterior patch coincides with that of the
migrating primordium of the posterior lateral line (Fig. 1k).
Zebrafish cldna and cldnb thus mark the initial stages of the
acoustico-lateralis system; cldna is one of the earliest molecular
markers exclusive to the ear (34).

Sensory placodes and the pronephros, the domains of cldna
and cldnb expression, are characters of vertebrate embryos that
arose along the chordate stem lineage (13). Tight junctions, the
cellular structures in which claudins occur, are likewise charac-
teristic of chordates (1). Suspecting a link between the evolution
of vertebrates and claudins, we therefore investigated the phy-
logeny of the claudin gene family, with an emphasis on zebrafish
cldna and cldnb.

First, we asked whether any nonvertebrate claudins were
known. Outside the Phylum Chordata we and others (40) found
no sequences in GenBank with significant similarity to claudins,
even in the sequenced genomes of Drosophila melanogaster and
Caenorhabditis elegans. The closest match we found, with a
BLASTP expectation value of 0.0002, was the hypothetical protein
F53B3.5 from C. elegans, which lacks several of the characteristic
residues of claudin proteins (Fig. 5) and is equally similar to
other members of the tetraspanin superfamily (5). Among
nonvertebrate chordates, we found a single claudin gene from
the urochordate Halocynthia roretzi (Fig. 5). These findings are
consistent with the presence of claudins only in chordates.

We next asked when the claudin gene family had diversified.
For a representative set of 36 claudins, we analyzed the aligned
protein sequences, intron positions, and chromosomal locations.
From the sequence alignment (Fig. 5), we reconstructed a
50%-majority consensus tree with compatible groupings by using
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Fig. 2. Zebrafish paralogs c/dna and cldnb are orthologs of mammalian
claudins 3-6 and 9. This 50% majority consensus tree with compatible group-
ings was reconstructed from the alignment in Fig. 5 by using maximum-
likelihood distances and a heuristic tree-search algorithm (41) and rooted for
display purposes with HrCldna from Halocynthia roretzi as the outgroup.
Numbers indicate the percentage of 1,000 bootstrap replicates that support
the adjacent node. Zebrafish proteins are shown in red, human and urochor-
date in black; introns in the coding region (Table 1) and the linkage group or
chromosome of the corresponding gene (Table 2) are listed in parentheses.
Claudins whose genes contain multiple introns in their coding regions are
shadedin gray. CLDN12 and Cldn12 appear to be tetraspanins, but only distant
relatives of the other claudins; their common branch (dashed line) was short-
ened to two-fifths to conserve space. Mouse Cldn13 was omitted from this tree
because its placement, either with CLDN3 and CLDN4 or with CLDN12 and
Cldn12, was the least consistent among bootstrap replicates and its omission
markedly increased the tree’s likelihood.

maximum-likelihood distances and a heuristic tree-search algo-
rithm (41). The resulting phylogram (Fig. 2) is supported by
three independent lines of evidence. First, we obtained essen-
tially the same topology after we replaced the human sequences
with their mouse orthologs (data not shown). Next, all claudin
genes with multiple introns in the coding region cluster together
(Table 1 and Fig. 2, gray shading). The remaining genes lack
introns in the coding region save for zebrafish cldni and cldni?2,
each of which contains a single intron in an unusual position
(Table 1). The bipartite configuration of the phylogram strongly
suggests a concerted loss of introns by retrotransposition be-
tween nodes e and f. Finally, sets of genes whose chromosomal
locations coincide, presumably because of recent tandem gene
duplications, also cluster on the tree (Fig. 2, nodes a to d).
Because the zebrafish and human claudins are mostly inter-
spersed in this phylogram, we conclude that by the time ray-
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Table 1. Conservation of intron positions in the coding regions
of human and zebrafish claudins

Intron* Gene' Exon boundaries*

A CLDN16 Leu-Glujog—Valjge-Ser
cldni Ala-Glngs—Valss-Ser

B CLDN1 Leu-Ser-S—ers-Thr-Leu
CLDN7 Leu-Ser-A—lays-Ala-Leu
cldn7 Leu-Asp-S—erys-Ala-Leu
CLDN10 Leu-Asp-G—ly74-Tyr-lle
cldn10 Leu-Pro-V—al;3-His-lle
CLDNT1 Leu-Pro-G—ly76-Tyr-Val
cldn11 lle-Pro-A—Ilaz6-Tyr-lle
CLDN15 Leu-Ser-G—Ily74-Tyr-lle
CLDN16 His-Pro-L—euqa3-Lys-Leu
CLDN18 Leu-Pro-A—Ilass-Met-Leu
CLDN19 Leu-Asp-G—Tlys-His-lle
cldn19 Leu-Pro-G—ly7s-Glu-lle

C cldn12 Pro-Thr-G—lygs-Leu-Leu

D CLDN1 Leu-Ala-G—lyq30-Leu-Ala
CLDN7 Val-Ala-G—Ilyq30-Leu-Ala
cldn7 Val-Gly-A—Ilaq30-Leu-Cys
CLDN10 Leu-Ser-G—Ily12s-Leu-Cys
cldni0 lle-Gly-G—Ily12s-Leu-Cys
CLDN11 Leu-Leu-A—la31-Leu-Cys
cldnt1 Val-lle-S—erq3¢-Leu-Cys
CLDN15 Leu-Ala-G—Ily1s-le-Cys
CLDN16 lle-Ala-G—Ily9s-Thr-Pro
CLDN18 Val-Ser-G—ly129-Leu-Cys
CLDN19 Leu-Ala-G—Ilyq30-Leu-Cys
cldn19 Thr-Gly-G—ly130-Leu-Phe

E CLDN1 Asn-Ala-Ar—g1sg-Tyr-Glu
CLDN7 Asn-lle-Ly—s5g-Tyr-Glu
cldn7 Asn-Thr-Ly—s1ss-Tyr-Glu
CLDN10 Glu-GIn-Ly—s455-Tyr-Glu
cldn10 Gly-Val-Ar—g1ss5-Phe-Glu
CLDN15 Gly-Thr-Ly—s155-Tyr-Glu
CLDN18 GIn-Thr-Ar—g1es-Tyr-Thr
CLDN19 Asn-Ala-Ar—g1ss-Tyr-Glu
cldn19 Asn-Ala-Ar—g1ss-Tyr-Glu

F CLDN10 Thr-Pro-Ar—g191-Tyr-Thr
cldni0 Glu-Lys-Gl—y193-Ala-Tyr
CLDN15 Ala-Ala-Se—r194-Ala-Arg
CLDN16 Phe-Lys-A—sp26,-Val-Gly
CLDN18 Glu-Thr-As—nyos-Tyr-Lys

*See Fig. 5 for the location of the introns in the sequence alignment.
fSymbols capitalized for human and lowercase for zebrafish.

*Numbers denote the position of the amino acids whose codons border or
straddle the intron (—).

finned fishes diverged from the tetrapod lineage, vertebrates
already possessed an abundance of claudin genes.

We then examined the homologs of cldna and cldnb in the
zebrafish and in mammals. The phylogram provides strong
bootstrap support for cldna and cldnb being closest paralogs
(Fig. 2) that arose from a recent duplication of a gene cluster now
located on both zebrafish linkage groups LG15 and LG21 (Fig.
3a). The overlapping but distinct expression patterns of these two
genes may reflect degenerative mutations of tissue-specific
regulatory elements (17). The phylogram also suggests that
mammalian claudins 6 and 9, 3 and 4, and 5 are orthologs of
zebrafish cldna and cldnb. In support of this proposition, we
detected conserved syntenies between zebrafish LG15 and
LG21, where cldna and cldnb occur, and human chromosome 7,
where CLDN3 and CLDN4 reside (Fig. 3a). These findings
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Fig. 3. Orthologs of zebrafish c/dna and c/dnb are expressed in vertebrate
primordia. (a) Conserved syntenies between zebrafish linkage groups 15 and
21, which harbor paralogous clusters of claudin genes that include c/dna and
cldnb, and human chromosome 7, which contains CLDN3 and CLDN4. We
mapped putative zebrafish orthologs of six genes from the vicinity of CLDN3
and CLDN4 (45); two of them, hip1 and wbscr1, occur in LG15 near c/dna (Table
2).In addition, zebrafish LG21 harbors the ortholog of the human CCT6A gene
on 7p11 (46). (b) In situ hybridization of a stage 30 X. /aevis embryo with an
antisense probe for frog c/dna. (c-e) In situ hybridizations of mouse embryos
between embryonic days 9.0 and 9.5 with antisense probes for Cldn3, Cldn4,
and Cldn6. All views are lateral. BA, branchial arches; OV, otic vesicle; PD,
pronephric duct; TB, tail bud; OIf, olfactory placode; FB, forelimb bud.

indicate that the claudin family continued to grow through gene
or genome duplications after the divergence of ray-finned fishes
and tetrapods.

Finally, we asked whether the orthologs of zebrafish cldna and
cldnb exhibit similar expression patterns early in organogenesis. In
whole-mount in situ hybridizations with mice between embryonic
days 9.0 and 9.5, we detected Cldn3, Cldn4, and Cldn6 mRNAs in
the otic vesicle as well as in the olfactory placode, branchial arches,
and forelimb bud (Fig. 3 c—¢). At a comparable stage of develop-
ment in Xenopus we detected expression of its cldna gene, which is
most similar to mammalian claudins 4 and 6, in the otic vesicle,
branchial arches, pronephric duct, and tailbud (Fig. 3b; see also ref.
42). These results demonstrate that claudin genes closely related to
zebrafish cldna and cldnb are expressed specifically in primordia
characteristic of the vertebrate embryo.

We conclude that claudins emerged around the same time as
chordates (Fig. 4), when tight junctions replaced septate junc-
tions (1). Like many other gene families (16), the claudins then
expanded as the vertebrate body plan evolved from the chordate
stem configuration through the addition of novel structures such
as the cranium, paired sensory organs, and paired appendages

—_

. Green, C. R. & Bergquist, P. R. (1982) J. Cell Sci. 53, 279-305.

2. Tsukita, S., Furuse, M. & Itoh, M. (2001) Nat. Rev. Mol. Cell. Biol. 2, 285-293.

3. Lane, N. J. (1992) in Tight Junctions, ed. Cereijido, M. (CRC, Boca Raton, FL),
pp. 23-48.

4. Bellen, H. J., Lu, Y., Beckstead, R. & Bhat, M. A. (1998) Trends Neurosci. 21,
444-449.

5. Bronstein, J. M. (2000) Curr. Opin. Neurobiol. 10, 552-557.

10200 | www.pnas.org/cgi/doi/10.1073/pnas.171325898

Hemichordata
(acorn worms and pterobranchs)

Urochordata [1] ]
(tunicates)

Cephalochordata
(lancelets)
Q
Myxinidae 1 12
(hagfishes) &
(@) Q
Petromyzontidae < §
. (lampreys) I Y
309%° & |®
od 0° Gnathostomata [>20] |S
paX (jawed vertebrates) |®

Fig. 4. Concurrent evolution of the claudin family and the vertebrate body
plan. The number of distinct claudin genes found to date in each clade is given
in brackets. The appearance of those vertebrate characters that we found to
be associated with claudin expression is indicated beside the stem lineage (13).
Arrows indicate two presumptive genome duplications (16); a third genome
duplication may have taken place in ray-finned fishes alone (15, 47).

(13, 14). A more precise specification of this model will require
exhaustive screens for claudin genes in the nongnathostome
clades shown in Fig. 4. What were the claudins’ precursors in
nonchordates and were they associated with septate junctions?
How many claudin genes did the common chordate ancestor
harbor? Did the expansion of the claudin gene family result from
whole-genome duplications in the vertebrate lineage? The strong
and specific expression of claudins in vertebrate primordia
reported here and the randomization of the embryo’s left-right
axis upon overexpression of frog cldna (42) suggest that tight
junctions play an active role in morphogenesis. Such a role may
explain some of the morphological and neurological abnormal-
ities of individuals with Williams—Beuren syndrome, in which the
CLDN3 and CLDN4 genes are excised as part of a large deletion
(43). The diversification of the claudin gene family may have
facilitated the formation of tight junctions during organogenesis
at different times and at different sites. Alternatively, the various
claudins may mediate selective cell adhesion (44) in vertebrate
primordia.

Note Added in Proof. An additional zebrafish claudin, CldnS, is encoded
by expressed sequence tags f113b04 and f124f07. The cldn8 gene contains
no introns within the coding region and resides in LG15.
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