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claudin-18, a Novel Downstream Target Gene for the T/EBP/NKX2.1
Homeodomain Transcription Factor, Encodes Lung- and
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T/EBP/NKX2.1, a member of the NKX family of homeodomain-containing transcription factors, regulates
the expression of a number of genes in lung and thyroid. Here we describe the isolation and characterization
of a novel target gene, termed claudin-18, that is down-regulated in the lungs of T/ebp/Nkx2.1-null mouse
embryos. The gene product exhibits an amino acid sequence similar to those of the claudin multigene family
of proteins that constitute tight junction strands in epithelial cells. The gene was localized by fluorescence in
situ hybridization to mouse chromosome 9 at region 9E3-F1 and to human chromosome 3 at region 3q21–23.
The claudin-18 gene has two promoters, each with its own unique exon 1 that is spliced to common exons 2
through 5. Alternative usage of these promoters leads to production of lung and stomach-specific transcripts.
The downstream lung-specific promoter contains two T/EBP/NKX2.1 binding sites responsible for trans
activation of the gene by T/EBP/NKX2.1 in lung cells. Only claudin-18 was down-regulated in T/ebp/Nkx2.1-null
embryo lungs among 11 claudin transcripts examined. Furthermore, the claudin-18 transcript has an alter-
native 12-bp insertion derived from the 5� end of intron 4, which produces a C-terminally truncated isoform
in lung and stomach. Immunohistochemistry demonstrated complete membrane localization of claudin-18 with
small focal dots in the lung and stomach epithelial cells. Immunogold electron microscopy analysis revealed
that claudin-18 is concentrated at the cell-cell borders of epithelial cells. These unique features suggest a
potentially important role for claudin-18 in the structure and function of tight junctions in lung and stomach.

T/EBP/NKX2.1, also known as TTF-1, is a homeodomain-
containing transcription factor that is expressed in lung, thy-
roid, and a part of the brain (15, 21, 22, 28). T/EBP/NKX2.1
was originally characterized as a transcription factor that reg-
ulates expression of thyroid-specific genes such as those en-
coding thyroglobulin (7), thyroid peroxidase (7, 11, 20), TSH
receptor (6, 37), and the Na/I symporter (10). In the lung,
T/EBP/NKX2.1 is expressed in all epithelial cells early during
pulmonary morphogenesis, but the expression becomes pro-
gressively restricted to alveolar type II and Clara cells towards
the end of gestation and in postnatal days (46). T/EBP/NKX2.1
activates transcription of genes specifically expressed in lung,
including the genes for surfactant proteins A (2), B (1), and C
(19) and Clara cell secretory protein (also called uteroglobin)
genes (34, 35). Targeted disruption of the T/ebp/Nkx2.1 locus
was shown to result in immediate postnatal death due to re-
spiratory failure caused by profoundly hypoplastic lungs (21,
26). These mice also lack the thyroid, pituitary, and parts of the
ventral forebrain such as the hypothalamus and basal ganglia
(21, 41, 42). Detailed analyses of the T/ebp/Nkx2.1-null mouse

respiratory system revealed that T/EBP/NKX2.1 may function
in the establishment of pattern formation of early pulmonary
structure and pulmonary morphogenesis during embryonic de-
velopment (26). A role for T/EBP/NKX2.1 in pulmonary mor-
phogenesis was also suggested by in vitro experiments in which
a T/EBP/NKX2.1 antisense oligonucleotide inhibited normal
branching morphogenesis in lung organ culture (25). Based on
these results, it is hypothesized that lung branching morpho-
genesis must be related to the ability of T/EBP/NKX2.1 to
activate and/or suppress specific downstream target genes. One
such category of target genes in lung consists of the surfactant
proteins A (2), B (1), and C (19) and Clara cell secretory
protein genes (34, 35). However, they are not known to have
morphoregulatory function.

Extensive studies have shown that epithelial-mesenchymal
interaction plays an instructive role in lung branching morpho-
genesis (3, 17, 24, 45). In this context, a possible function for
T/EBP/NKX2.1 may be in activation of epithelial cell pathways
that are necessary for receiving and/or interpreting the instruc-
tive signals that originate from the mesenchyme. In this role,
downstream target genes for T/EBP/NKX2.1 would potentially
include those encoding cell surface receptors, components of
the signal transduction pathway, and/or a variety of other fac-
tors connecting the cell surface to changes in gene expression
and cellular behavior. In T/ebp/Nkx2.1-null embryo lungs, ex-
pression of some extracellular matrix proteins and their cellu-
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lar receptors, including collagen type IV and � integrins, and
some growth factors such as VEGF3 and BMP4 is reduced or
absent (46). Whether the abnormal phenotype in T/ebp/
Nkx2.1-null embryo lungs is entirely or partially due to the
reduction or absence of expression of these genes remains to
be examined.

Among possible target genes are those encoding elements of
tight junctions (TJs), a specialized membrane domain at the
most apical region of polarized epithelial cells that creates a
primary barrier to prevent paracellular transport of solutes and
restrict the lateral diffusion of membrane lipids and proteins to
maintain cellular polarity (4, 5, 23, 27, 40, 44). Claudins, prod-
ucts of a recently identified multigene family, are components
of TJ strands and have four transmembrane domains and two
extracellular loops with both NH2 and COOH termini in the
cytoplasm (29, 43). Claudins have several functional character-
istics consistent with a role in barrier formation and dependent
on the specific claudin species that exhibit tissue specificity (27,
29). Claudin-1 and -2 have the ability to induce the formation
of networks of strands and grooves at cell-cell contact sites
when introduced into fibroblasts lacking TJs (12). Both clau-
din-3 and -4 are receptors for a cytotoxic enterotoxin (CPE)
produced by the bacterium Clostridium perfringens, and the
interaction with CPE results in increased membrane perme-
ability by forming small pores in plasma membrane (39). A
claudin-11 (oligodendrocyte-specific protein) knockout mouse
showed the absence of TJ strands in central nervous system
myelin and Sertoli cells in testis (14). Mutations in human
claudin-16 (paracellin-1) cause renal hypomagnesemia with
hypercalciuria and nephrocalcinosis, suggesting that it creates
a channel that allows magnesium to diffuse through renal TJs
(38). To date, at least 20 members of the claudin gene family
have been identified (27). However, many of these claudins
have not yet been examined in detail, and the functional dif-
ferences are largely unknown.

Here, we isolated and characterized a novel member of
claudin gene family, claudin-18, which has two isoform tran-
scripts produced by alternative splicing that exhibit lung- and
stomach-specific expression. Further, claudin-18 has a splicing
variant lacking the C-terminal cytoplasmic domain. Analysis of
the promoter function of the mouse claudin-18 gene suggests
that the lung-specific form is a downstream target gene regu-
lated by the T/EBP/NKX2.1 homeodomain transcription fac-
tor.

MATERIALS AND METHODS

Identification of claudin-18 by SSH. T/ebp/Nkx2.1�/� mice were bred to gen-
erate T/ebp/Nkx2.1-null embryos (21). The embryos were obtained by dissection
of pregnant mice at E16.5, with noon on the day when the vaginal plug was
detected designated stage E0.5. The embryos were individually microdissected to
isolate lungs, and genotyping was performed by PCR using yolk sacs. Total RNA,
isolated from lungs of null mutant (driver) and wild-type (tester) embryos using
the ULTRASPEC RNA isolation system (Biotecx Laboratories, Houston, Tex.),
was used as a template to synthesize double-stranded cDNAs using the SMART
PCR cDNA synthesis kit (Clontech Laboratories, Palo Alto, Calif.). Suppressive
subtractive hybridization (SSH) was performed using the PCR-Select cDNA
subtraction kit (Clontech) according to the manufacturer’s instructions. For
differential screening, subcloned cDNAs were isolated by colony PCR amplifi-
cation, and dot blot hybridization was performed using forward- and reverse-
subtracted cDNAs as probes with the PCR-Select differential screening kit
(Clontech). Clones that hybridized with only the forward-subtracted probe were
selected for virtual Northern blot analyses as follows. Double-stranded cDNAs

synthesized with the SMART PCR cDNA synthesis kit were electrophoresed on
a 0.8% agarose gel and transferred onto a GeneScreen Plus nylon membrane
(NEN Life Science Products, Boston, Mass.). The membrane was prehybridized
at 60°C in ExpressHyb hybridization solution (Clontech) for 30 min and hybrid-
ized in fresh buffer with denatured random-primer-labeled probe at 60°C for 3 h.
After hybridization, the blot was washed twice in 2� SSC (2� SSC is 0.3 M NaCl
and 30 mM Na citrate, pH 7.0) containing 0.1% sodium dodecyl sulfate (SDS) at
room temperature for 10 min, followed by 0.1� SSC containing 0.1% SDS at
50°C for 20 min. The filter was then exposed to a PhosphorImager screen
overnight. Signal intensities were analyzed using the ImageQuant program (Mo-
lecular Dynamics, Inc., Sunnyvale, Calif.). Differentially expressed clones were
subjected to DNA sequencing analysis.

Cloning and DNA sequencing. An adult mouse lung cDNA library in the
�ZAPII vector (Stratagene, La Jolla, Calif.) was screened by plaque hybridiza-
tion using cDNAs isolated from SSH as probes. Hybridization was carried out at
65°C in 6� SSC–0.5% SDS–5� Denhardt solution–0.1 mg of denatured salmon
sperm DNA per ml for 16 h. Positive plaques were subjected to secondary and
tertiary screenings. In order to amplify a missing 3� sequence, we performed 3�
rapid amplification of the cDNA ends (RACE) with the SMART RACE cDNA
amplification kit (Clontech) according to the manufacturer’s instructions using 2
�g of adult lung total RNA.

The amino acid sequence of mouse claudin-18A1.1 was used to conduct
TBLASTN searches in order to isolate a human ortholog of claudin-18. One
human genomic DNA clone (GenBank database accession number AC010810)
that exhibited sequence homology to mouse claudin-18 was found. Human clau-
din-18A1�1 cDNA was amplified by reverse transcription-PCR (RT-PCR) using
human adult lung RNA as a template and the primer pair, 5�-TGGGTGCCAT
TGGCCTCCTG-3� and 5�-TGGAAGGATAAGATTGTACC-3�. Human clau-
din-18A2�1 cDNA was amplified by RT-PCR using human adult stomach RNA
as a template and the primer pair, 5�-TGTGCGCCACCATGGCCGTG-3� and
5�-GTGCTGAGAGGTCTTAGAGC-3�. Three independent clones of amplified
cDNAs from each RT-PCR were subjected to DNA sequencing analysis.

Mouse claudin-18a2 was initially identified by 5� RACE with the Smart RACE
cDNA amplification kit (Clontech) using 2 �g of mouse adult stomach total
RNA. In order to isolate mouse claudin-18a2�1 cDNA containing an entire open
reading frame, PCR was performed using mouse adult stomach RNA as a
template and the primer pair 5�-GCCTGTCTCTTGTCCTCTCC-3� and 5�-CA
GGTTGGCGGGTCTTAGAGC-3�.

Genomic DNA was isolated from a mouse embryonic stem cell lambda
genomic library (Stratagene) and a mouse BAC DNA library (Incyte Genomics,
St. Louis, Mo.) using labeled cDNAs as probe. Genomic DNA fragments con-
taining the mouse claudin-18 gene were digested with restriction enzymes, sub-
cloned into pBluescript II (Stratagene), and sequenced. All DNA sequencing was
carried out using an ABI prism dye terminator cycle sequencing Ready Reaction
kit and a model 377 DNA sequencer (PE Applied Biosystems, Foster City,
Calif.).

Determination of the transcription start site. The transcription start sites of
the mouse claudin-18a1 and -18a2 transcripts were determined using the
SMART RACE cDNA amplification kit (Clontech). Briefly, first-strand cDNA
was synthesized from 2 �g of adult lung or stomach total RNAs using 5� cDNA
synthesis primer, SMART II oligonucleotide, and Superscript II reverse tran-
scriptase (Invitrogen Life Technologies, Carlsbad, Calif.). After the first-strand
cDNA synthesis, PCR was performed with a gene-specific antisense primer
(5�-GTCAGAGTCATCTTGGCCTTGGCAG-3�) and a universal primer mix.
Sequencing of the resultant cloned PCR products indicated the presence of
multiple transcription start sites. Since 5 out of 12 cDNAs for lung and 10 out of
14 cDNAs for stomach had the exact sequence, we designated this site the major
transcription start site.

Chromosomal mapping. A human claudin-18 probe of �100 kb (whole BAC
clone sequence) and a mouse claudin-18 probe of �20 kb (whole phage clone
sequence) of genomic DNA labeled with biotin or digoxigenin was used for
fluorescence in situ hybridization of chromosomes derived from methotrexate-
synchronized normal peripheral lymphocytes and from mouse spleen cultures,
respectively. The conditions of hybridization; the detection of fluorescence sig-
nals; digital-image acquisition, processing, and analysis; and direct localization of
signals on banded chromosomes were carried out as previously described (32,
47). To confirm the identity of mouse chromosomes, preparations were rehy-
bridized with mouse chromosome painting probe (Cambio) and previously ob-
served labeled metaphases were recorded.

RT-PCR analyses. For RT of mRNAs, 2 �g of total RNA was pretreated with
DNase I, incubated for 10 min at 70°C, and chilled on ice. The reactions were
carried out in a final volume of 20 �l containing RNA, 4 �l of 5� first strand
synthesis buffer (Invitrogen Life Technologies), 1 �l of a mixture of four de-
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oxynucleotide triphosphates (2.5 mM each), 2 �l of 0.1 M dithiothreitol (DTT),
and 100 ng of random primers. After incubation at 37°C for 2 min, 200 U of
Superscript II reverse transcriptase (Invitrogen Life Technologies) was added,
and the incubation was continued for 60 min at 37°C. Single-stranded cDNAs in
0.1 �l of the reaction mixture were amplified by PCR using AmpliTaq DNA
polymerase (PE Applied Biosystems) under the following conditions: denatur-
ation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min
for 35 cycles. Oligonucleotide primers used for RT-PCR were as follows: mouse
claudin-1, 5�-CTGGGTTTCATCCTGGCTTC-3� and 5�-TTGATGGGGGTCA
AGGGGTC-3�; mouse claudin-3, 5�-AAAGAATTCTGCTCCTGCCCACCGC
GCGAC-3� and 5�-AAACTCGAGAAGTAGCTGCAGTGGCCACC-3�; mouse
claudin-4, 5�-TAGGGGGCAAGTGCACCAAC-3� and 5�-CCCCAGCAAGCAG
TTAGTGG-3�; mouse claudin-6, 5�-ATCTTGGGGATCGTCCTGAC-3� and 5�-
TTTGAGCATCAGCCACCAAG-3�; mouse claudin-7, 5�-TCCCTCAGTGG
CAGATGAGC-3� and 5�-AAGGACCAGAGCAGACCCTG-3�; mouse clau-
din-8, 5�-GCCTCAGTGGAGAGTGTCTG-3� and 5�-AGAACAGTGCTCCTC
CAGCG-3�; mouse claudin-10, 5�-ACACTGCCCACCGACTACTG-3� and 5�-
AGAGAAGCTCCTGCCCATCC-3�; mouse claudin-12, 5�-TAACTGGAGGA
AACTGCGGC-3� and 5�-CCCCTGAGCTAGCAATAGTG-3�; mouse claudin-
13, 5�-TGCCATTGTGAGCTGCGTGC-3� and 5�-CGGGGAAAGTCTCTGC
ATAC-3�; mouse claudin-15, 5�-ATGTCGGTAGCTGTGGAGAC-3� and 5�-T
CCCTGCAATGGCCAGCAGC-3�; and mouse claudin-18, P1 (5�-ACCTTCCC
AGCAAGAGGGTG-3�), P2 (5�-TGATTGCACAGATGCCGGAG-3�), P3 (5�-
GTCTGTGTTTGCCAACATGC-3�), P4 (5�-AGACACAGCTTTGAAGTTG
C-3�), and P5 (5�-CTTTGAAGGGGAGGACTCAC-3�) (for details, see Fig. 1).

Northern blot analysis. Total RNAs (10 �g) from adult mouse lung and
stomach were electrophoresed on a 1.2% agarose gel containing 0.22 M form-
aldehyde and blotted onto GeneScreen Plus nylon membranes. Filters were
serially hybridized with mouse claudin-18 exon 1a and exon 1b and 	-actin as a
probe. A mouse multiple-tissue Northern blot (Clontech) was hybridized with a
full-length mouse claudin-18a1�1 cDNA as a probe. A human multiple-tissue
expression array (MTE; Clontech) was hybridized with a full-length human
claudin-18A1�1 cDNA as a probe. Hybridization was performed in ExpressHyb
hybridization solution at 68°C for 2 h. The membrane was washed twice with 2�
SSC containing 0.1% SDS at room temperature for 10 min and twice with 0.1�
SSC containing 0.1% SDS at 55°C for 20 min, followed by exposure to X-ray film
at �80°C.

Luciferase reporter plasmid construction and site-directed mutagenesis. A
4-kb EcoRI fragment containing 3.5 kb of 5� flanking sequences of the mouse
claudin-18a1 genomic DNA was subcloned into the EcoRI site of pBluescript II,
followed by PCR amplification with a T7 primer (5�-GTAATACGACTCACTA
TAGGGC-3�) and a claudin-18a1 gene-specific primer (5�-GGGCGCAGGCT
TCCAGGAGC-3�). The PCR product was subcloned into pCR2.1 (Invitrogen
Life Technologies), and an SpeI-XhoI fragment from this plasmid was inserted
into the NheI-XhoI site of the pGL3-Basic luciferase reporter vector (Promega,
Madison, Wis.) to generate plasmid pGL3-3500. This construct was further
digested with KpnI and MluI for construction of deletion plasmids using exonu-
clease III (New England Biolabs, Beverly, Mass.) and S1 nuclease (Invitrogen
Life Technologies). Five deletion constructs (pGL3-70, -111, -148, -212, and
-259) were sequenced to determine the exact sequences.

Site-directed mutations of two potential T/EBP/NKX2.1 binding sites were
introduced into the pGL3-259 plasmid by using a QuikChange site-directed
mutagenesis kit (Stratagene). The following primers were used to make the
plasmids (mutations are in boldface): pGL3-259 mut 1 plasmid, 5�-GCTCAAC
CAGACCCGTGCCTCTTGGGGC-3� and 5�-GCCCCAAGAGGCACGGGTC
TGGTTGAGC-3� (complementary strand); pGL3-259 mut 2 plasmid, 5�-GAC
AAGTGCCTCGGGGGGCTGCTTCCCC-3� and 5�-GGGGAAGCAGCCCCC
CGAGGCACTTGTC-3� (complementary strand); and pGL3-259 mut 3 plasmid,
5�-CAAATGAAAACCATGCCAGTGAAGCAGGAGCGAAACTG-3� and 5�-
CAGTTTTCGCTCCTGCTTCACTGGCATGGTTTTCATTTG-3� (complemen-
tary strand).

Transfection and reporter gene assays. A human lung adenocarcinoma cell
line, NCI-H441, was maintained in RPMI 1640 medium containing 10% fetal calf
serum. HeLa cells were cultured in minimum essential medium containing 10%
fetal calf serum. Cells in 12-well plates at 50 to 70% confluency were transfected
by using the Effectene transfection reagent (Qiagen, Valencia, Calif.) with 250 ng
of reporter plasmid, 25 ng of expression vector, and 25 ng of pCH110 (Amer-
sham Pharmacia Biotech) as an internal control. For dose-dependent reporter
activity assays, increasing amounts of pCMV4-T/EBP/NKX2.1 or pCMV4 (0 to
1 �g) were transfected into NCI-H441 cells together with 0.2 �g of pGL3-259
and 25 ng of pCH110. After 48 h, the cells were harvested in reporter lysis buffer
(Promega), and the lysates were assayed for 	-galactosidase and luciferase ac-
tivities using the high-sensitivity 	-galactosidase assay kit (Stratagene) and lucif-

erase assay system (Promega), respectively. To correct for transfection efficiency,
luciferase activity was normalized to 	-galactosidase activity. Relative luciferase
activities of various mouse claudin-18a1 promoter constructs were expressed on
the basis of the activity of pGL3-Basic in the presence of the same trans-
activating plasmid, which was given a value of 1. Dose-dependent luciferase
activities were expressed on the basis of the activity of pGL3-259 without any
cotransfected vector, which was given a value of 1. Data are expressed as mean
values from at least three experiments (duplicate samples) 
 standard deviations
(SD). P values were obtained using the Student t test.

Preparation of nuclear extracts. Nuclear extracts of NCI-H441 cells were
prepared as described previously (9). All procedures were performed on ice and
in ice-cold reagents. Briefly, confluent cell monolayers in 10 15-cm-diameter
dishes were washed twice with phosphate-buffered saline (PBS), harvested by
scraping in PBS, and centrifuged at 500 � g for 5 min. The pellets were washed
once with PBS and repelleted as before. The cell pellets were suspended in 5
packed-cell volumes of lysis buffer (10 mM HEPES-KOH [pH 7.9], 10 mM KCl,
0.1 mM EDTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 2 �g
of pepstatin A per �l, and 2 �g of leupeptin per �l, and the cells were lysed on
ice for 10 min. The cell lysates were then centrifuged at 500 � g for 5 min, and
the pellet was suspended in 3 packed-cell volumes of lysis buffer, followed by
homogenization in a Dounce homogenizer with pestle B (Wheaton, Millville,
N.J.). The homogenate was centrifuged at 500 � g for 5 min, and the nuclear
pellet was suspended in 0.5 ml of extraction buffer (50 mM HEPES-KOH [pH
7.9], 420 mM KCl, 0.1 mM EDTA, 5 mM MgCl2, 20% (vol/vol) glycerol, 1 mM
DTT, 0.5 mM PMSF, 2 �g of pepstatin A per �l, and 2 �g of leupeptin per �l).
The nuclear suspension was rotated for 30 min and was centrifuged at 24,000 �
g for 30 min. The supernatant recovered was saved as nuclear extracts and stored
at �80°C until use.

Electrophoretic mobility shift assays. Single-stranded oligonucleotides were
annealed at a concentration of 10 �M in annealing buffer (1 mM Tris [pH 7.5],
1 mM MgCl2, and 5 mM NaCl) at 95°C for 5 min and then slowly cooled to room
temperature. Double-stranded DNA was end labeled with [�-32P]dCTP and

FIG. 1. Schematic representation of four types of mouse claudin-18
transcripts and polypeptides. Organization of exons and introns and
predictions of how the four types of transcripts are produced are
shown. Solid boxes represent exons. The positions of the translation
initiation and termination codons defining open reading frames are
indicated. The alternatively inserted 12-bp sequence after exon 4 is
depicted by an open box. Arrows indicate the positions of primers used
for RT-PCR analysis (P1 to P5). Shaded boxes represent four trans-
membrane domains (TM1 to TM4). The nomenclature for the genes
and their respective polypeptides is shown on the right for lung and
stomach forms.
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DNA polymerase Klenow fragment (Invitrogen Life Technologies). Labeled
DNA was separated from free [�-32P]dCTP by filtration through a ProbeQuant
G-50 Micro Column (Amersham Pharmacia Biotech Inc.).

Nuclear extracts (15 �g) and, when indicated, unlabeled oligonucleotide com-
petitor DNAs were preincubated in 23 �l of gel mobility shift assay buffer [10
mM HEPES-KOH (pH 7.9), 50 mM KCl, 0.6 mM EDTA, 5mM MgCl2, 10%
glycerol, 5 mM DTT, 0.7 mM PMSF, 2 �g of pepstatin A per �l, 2 �g of
leupeptin per �l, and 87 �g of poly(dI-dC) (Amersham Pharmacia Biotech) per
�l] for 10 min on ice. An oligonucleotide probe (105 cpm) was added to the
mixture and incubated for an additional 30 min at room temperature. For
antibody supershift analyses, 1 �l of anti-TTF1 monoclonal antibody (Lab Vision
Corporation, Fremont, Calif.) was added, and the incubation was continued for
an additional 1 h. DNA-protein complexes were separated from free probe by
5% nondenaturing polyacrylamide gel electrophoresis. After electrophoresis, the
gel was blotted onto Whatman no. 3MM paper, dried, and exposed to X-ray film.

Immunohistochemistry. A polypeptide, DGGARTEDDEQSHPTKYDYV,
corresponding to the COOH-terminal cytoplasmic domain of mouse claudin-
18A1.1 and -18A2.1 (amino acids 245 to 264) was synthesized and coupled via
cysteine to keyhole limpet hemocyanin. The conjugated peptide was used as an
antigen to generate a polyclonal antibody in rabbits (Macromolecular Resources,
Fort Collins, Colo.). The antibody specificity was examined by Western blotting
using bacterially expressed mouse claudin-1, which shares the last three amino
acid residues with claudin-18. It was reported that antibody against claudin-5
cross-reacts with claudin-6, which share the last four amino acid residues (31).
Immunohistochemistry was carried out using an 800-fold dilution of claudin-18
antibody and a Vectastain ABC Rabbit Elite Kit (Vector Laboratories, Burlin-
game, Calif.).

Postembedding IEM. Details of tissue sample preparation for postembedding
immunogold electron microscopy (IEM) were described previously (16). Briefly,
mouse embryonic tissue was fixed in 4% paraformaldehyde (Tousimis, Rockville,
Md.) in PBS for 2 h at 4°C and dehydrated through graded cold ethanol.
Infiltration was made in 1:1 and 1:2 mixtures of 100% ethanol and L.R. Gold
resin (Polysciences, Warrington, Pa.) for 1 h each and in pure resin overnight.
The tissue was embedded in L.R. Gold resin containing initiator (0.1% [wt/vol]
benzil [Ladd Research Industries, Burlington, Vt.]), and the resin was cured in a
�20°C UV Cryo Chamber (Ted Pella, Redding, Calif.) for 24 h. Thin sections
were cut and mounted on meshed nickel grids. Nonspecific binding sites were
blocked by incubation of the sections in PBS containing 10% normal goat serum,
0.1% bovine serum albumin, and 0.01% Tween 20. Primary incubation was done

with dilutions of anti-claudin-18 antibody followed by 15-nm-diameter-immuno-
gold (Amersham Life Science, Arlington Heights, Ill.)-conjugated secondary
antibody (1:100 dilution). The sections were stained in uranyl acetate and lead
citrate and examined and photographed with an H7000 electron microscope
(Hitachi, Tokyo, Japan) operated at 75 kV.

Nucleotide sequence accession numbers. The nucleotide sequences are avail-
able from the GenBank nucleotide sequence database under the following ac-
cession numbers: mouse claudin-18a1�1 cDNA, AF221068; mouse claudin-
18a1�2 cDNA, AF349450; mouse claudin-18a2�1 cDNA, AF349451; mouse
claudin-18a2�2 cDNA, AF349453; human claudin-18A1�1 cDNA, AF221069,
and human claudin-18A2�1 cDNA, AF349452.

RESULTS

Isolation of T/ebp/Nkx2.1 downstream target gene. To isolate
putative T/EBP/NKX2.1 downstream target genes, an SSH
method was used to generate a cDNA library of clones en-
riched for E16.5 wild-type versus T/ebp/Nkx2.1-null embryos.
The latter lungs are severely hypoplastic and appear to consist
solely of proximal pulmonary structures (46). One hundred
ninety-two clones were initially picked and probed with for-
ward-subtracted cDNAs (wild type) or reverse-subtracted
cDNAs (mutant). Twenty-seven clones that gave strong signals
with the forward-subtracted probe compared to the reverse
probe were subjected to Northern blotting analyses. Five
clones were found to be differentially expressed. Sequence
analyses revealed that two of them encode a polypeptide ex-
hibiting sequence similarity to the claudin family of proteins
(29). The predicted polypeptide sequence of the cDNA is 264
amino acids in length and possesses four transmembrane do-
mains, typical of all members of the claudin family (29, 44). We
refer to this gene as claudin-18 (Fig. 1). At present, 20 mem-
bers are registered in the GenBank database (27). The gene

FIG. 2. (A) Alternative splicing of the mouse claudin-18 gene between exons 4 and 5. The intron 4,5�-splice donor gt, and 3�-splice acceptor
ag are in boldface. Amino acid residues are shown below each underlined codon, and the termination codon is marked with an asterisk. The claudin
(cldn)-18a1�1/18a2�1 gene encodes the amino acid sequence DSNFK at the exon-intron junction, whereas the claudin-18a1�2/18a2�2 gene
encodes the amino acid sequence DSK. The P4 primer has a continuous sequence of exons 4 and 5 without alternative insertion, and P5 is an
alternative insertion-specific primer. The primer sequences are indicated by solid lines. Primer pairs P3-P4 and P3-P5 (Fig. 1) produce fragments
specific to claudin-18a1�1/2�1 and claudin-18a1�2/2�2, respectively. (B) Deduced amino acid sequences of four types of claudin-18 polypeptides.
The locations of the putative transmembrane domains are underlined and indicated as TM1 to TM4. Amino acids that are identical in
claudin-18A1 and -18A2 are indicated by asterisks. The exon-intron junctions are indicated by arrowheads. (C) RT-PCR confirmation of expression
of the four types of transcripts. Products obtained with primer pairs P3-P4 and P3-P5 using mouse adult lung and stomach mRNAs are shown.
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nomenclature that we used (see below) is in agreement with
the recommendation of the nomenclature committee.

Structure of claudin-18 gene and encoded polypeptides. To
isolate a full-length claudin-18 cDNA, a mouse adult lung
cDNA library was screened using the cDNA clone obtained by
SHH. Ten clones were identified in 106 recombinant phage.
Among them, one clone possessed an in-frame stop codon
upstream of the authentic stop codon by an alternative 12-bp
nucleotide insertion (see below) (Fig. 2A).

In order to analyze the claudin-18 gene structure and to
define the origin of the truncated form of cDNA, a mouse
genomic library was screened using a full-length cDNA as a
probe. The mouse claudin-18 gene is composed of five exons
and four introns (Fig. 1). All exon-intron boundaries matched
the consensus sequence for RNA splicing. Interestingly, the
first 12 bp in intron 4 can be alternatively retained, which
appears to be responsible for the truncated form of the tran-
script (Fig. 2A). Since in-frame stop codon TGA is present
within the 12-bp sequence, the resulting polypeptide lacks al-
most the entire C-terminal cytoplasmic domain, including pos-
sible ZO-1/ZO-2/ZO-3 binding sequences (Fig. 2B) (see Dis-
cussion) (18).

The amino acid sequence of mouse claudin-18 was used to
conduct TBLASTN searches in order to isolate a human or-
tholog of claudin-18. One human genomic DNA clone (Gen-

Bank database accession number AC010810) that exhibits se-
quence homology to mouse claudin-18 was identified. The
sequence of this clone was used to isolate human claudin-18
cDNA by RT-PCR using human lung RNAs. The human clau-
din-18 demonstrated 88% amino acid sequence identity to
mouse claudin-18. The presence of a truncated version of the
human claudin-18 was not confirmed.

While searching for the human claudin-18 ortholog gene, we
found another first exon 11 kb upstream of exon 1. To deter-
mine whether this exon is actually transcribed, RT-PCR was
performed with exon-specific primers using human lung and
stomach RNAs as templates, since strong signals were ob-
served in human lung and stomach by dot blot analysis (see
Fig. 4B). The results revealed that the upstream exon 1 (exon
1b) is stomach specific and that the downstream exon 1 (exon
1a) is lung specific. In order to examine whether stomach-
specific exon 1b is also present in mouse, 5� RACE was carried
out using mouse stomach RNA. Some of the clones isolated
had a sequence at their 5� ends that shared homology with
human exon 1b but not with mouse exon 1a. It appears that
each exon 1 is spliced to common exons 2 through 5, resulting
in two transcripts sharing identical C-terminal domains (Fig.
1). PCR analysis using mouse genomic DNA as a template
revealed that exon 1b is 6 kb upstream of exon 1a. The pre-
dicted amino acid sequences of exons 1a and 1b share 73%

FIG. 3. Chromosomal localization. Human (A) and mouse (C) chromosome spreads after hybridization with species-specific biotin-labeled
claudin-18 gene probes are shown. Both chromosomes 3 in human and chromosomes 9 in mouse exhibit symmetrical fluorescent signals at regions
3q21-23 and 9E3-F1, respectively, as depicted by enhanced DAPI-induced chromosome banding. To confirm the identity of chromosomes with
specific signals, metaphases from panels A and C were rehybridized with human chromosome painting probe for human chromosome 3 (B) and
mouse chromosome 9 (D).
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sequence identity (Fig. 2B). Thus, the mouse claudin-18 gene
has two alternately used exon 1s, each producing lung- and
stomach-specific isoforms (see below). In addition, a C-termi-
nally truncated form of the transcript was also found in stom-
ach, indicating that the mouse claudin-18 gene produces four
types of transcripts (Fig. 1). PCRs using mouse lung and stom-
ach RNAs confirmed the presence of four types of transcripts,
although the stomach-specific truncated form of mRNA (clau-
din-18a2�2) appears to be underrepresented (Fig. 2C).

In summary, the mouse lung-specific claudin-18a1�1 gene
encodes a protein of 264 amino acids (termed claudin-18A1.1)
with a calculated molecular mass of 28,120 kDa, and its C-
terminally truncated type claudin-18a1�2 gene encodes a pro-
tein of 208 amino acids (claudin-18A1.2) with a calculated
molecular mass of 21,977 kDa. The stomach-specific claudin-
18a2�1 gene encodes a protein of 264 amino acids (claudin-
18A2.1) with a calculated molecular mass of 28,142 kDa, and
its C-terminally truncated type claudin-18a2�2 gene encodes a

protein of 208 amino acids (claudin-18A2.2) with a calculated
molecular mass of 21,999 kDa.

Chromosomal localization of claudin-18 gene. In two fluo-
rescence in situ hybridization experiments with human lym-
phocytes from different individuals, specific fluorescent signals
at identical sites on both chromatids of the long arm of chro-
mosome 3 were detected in approximately 90% of the 25
metaphases randomly selected in each sample. Double fluo-
rescent signals were not observed at any other chromosome,
and nonspecific brighter fluorescent spots were sporadic. The
locations of the signals were determined directly in 20 met-
aphases with DAPI (4�,6�-diamidino-2-phenylindole)-en-
hanced G-like banding at region 3q21–23, where we assign the
locus of the human claudin-18 gene (Fig. 3). Mouse chromo-
some spreads hybridized with a digoxigenin-labeled genomic
DNA probe had specific fluorescent signals at identical sites on
both homologs of a medium-size chromosome in 40 out of 50
metaphases randomly selected for analysis. Chromosomes of
similar size with double symmetrical fluorescent signals were
not observed, while single fluorescent spots were randomly
distributed. Twenty complete metaphases without overlapping
chromosomes were analyzed by imaging of DAPI-enhanced
G-like banding. The banding pattern generated by DAPI band-
ing was consistent with mouse chromosome 9, and the signal
localized at region 9E3-F1, a syntenic region for human
3q21-23 (8, 36).

Expression of claudin-18. Claudin-18 expression was exam-
ined in adult mouse tissues by Northern blot analysis using the
full coding region of the claudin-18a1�1 cDNA as a probe. A
single 2.8-kb transcript was detected only in the lung among
the tissues examined, including heart, brain, spleen, skeletal
muscle, liver, kidney, and testis (data not shown). Next, the
expression of claudin-18 in mouse lung and stomach was ana-
lyzed by Northern analysis using exon 1a- and 1b-specific
probes (Fig. 4A). The exon 1a-specific probe identified a band
only in lung, whereas the exon 1b-specific probe detected a
band only in stomach. RNA dot blot analysis of various human
tissues indicated that human claudin-18 is expressed only in
lung and stomach (Fig. 4B). These results indicate that both
mouse and human claudin-18 genes produce lung-and stom-
ach-specific transcripts.

Claudin-18a1 expression was examined along with that of
other claudin family members, using RT-PCR and E12.5 em-
bryonic lung RNAs derived from wild-type and T/ebp/Nkx2.1-
null embryos (Fig. 4C). In wild-type lungs, at least 10 other
claudin family members in addition to claudin-18a1 were ex-
pressed. In contrast, claudin-18a1 was not expressed in T/ebp/
Nkx2.1-null lungs, while the expression of all other claudins
was detectable, raising the possibility that claudin-18 is the only
member of the claudin family of genes that is regulated by
T/EBP/NKX2.1.

claudin-18a1 promoter is trans activated by T/EBP/NKX2.1.
In order to determine whether the lung-specific claudin-18a1
promoter is responsive to activation by T/EBP/NKX2.1, a
DNA fragment containing the 5� flanking region of the mouse
claudin-18a1 gene was isolated and sequenced (Fig. 5A). A
major transcription initiation site was determined by the 5�
RACE method using adult mouse lung RNA as a template. A
TATA-like box (GATTAA) was found at position �25 bp.

To map regions responsible for claudin-18a1 transcriptional

FIG. 4. Expression of claudin-18 transcripts. (A) Northern blot
analysis using exon-specific probes in adult mouse lung and stomach.
Ten micrograms of total RNA from the indicated tissues was consec-
utively hybridized with each probe shown on the right. (B) Dot blot
analysis of claudin-18 mRNA in human tissues. RNA sources are as
follows: A1, whole brain; A2, amygdala; A3, caudate nucleus; A4,
cerebellum; A5, cerebral cortex; A6, frontal lobe; A7, hippocampus;
A8, medulla oblongata; B1, occipital lobe; B2, putamen; B3, substantia
nigra; B4, temporal lobe; B5, thalamus; B6, subthalamic nucleus; B7,
spinal cord; C1, heart; C2, aorta; C3, skeletal muscle; C4, colon; C5,
bladder; C6, uterus; C7, prostate; C8, stomach; D1, testis; D2, ovary;
D3, pancreas; D4, pituitary gland; D5, adrenal gland; D6, thyroid
gland; D7, salivary gland; D8, mammary gland; E1, kidney; E2, liver;
E3, small intestine; E4, spleen; E5, thymus; E6, peripheral leukocyte;
E7, lymph node; E8, bone marrow; F1, appendix; F2, lung; F3, trachea;
F4, placenta; G1, fetal brain; G2, fetal heart; G3, fetal kidney; G4, fetal
liver; G5, fetal spleen; G6, fetal thymus; and G7, fetal lung. (C) Dif-
ferential expression of claudin mRNAs in wild-type and T/ebp/Nkx2.1-
null embryo lungs. Total RNAs prepared from E12.5 embryonic lungs
of wild-type (WT) or T/ebp/Nkx2.1-null mutant (�/�) mice were an-
alyzed by RT-PCR using various claudin primers as indicated. Primer
pair P1-P2 (shown in Fig. 1) was used for claudin-18a1.
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activity and to identify potential T/EBP/NKX2.1-responsive
regions, successive deletions of the claudin-18a1 promoter
were linked to a luciferase reporter gene (pGL3-70, -111, -148,
-212, -259, and -3500). These constructs were cotransfected
into human lung NCI-H441 cells with the expression plasmid
pCMV4-T/EBP/NKX2.1 or control pCMV4 vector (Fig. 5B).
Cotransfection of pCMV4-T/EBP/NKX2.1 resulted in signifi-
cant increases (two to threefold) in the claudin-18a1 reporter
activities of constructs pGL3-148, -212, -259, and -3500 in NCI-
H441 cells. Similar induction was observed in non-lung-derived
HeLa epithelial cells for these deletion constructs (Fig. 5C).
However, an induction was also observed for construct pGL3-
111 in HeLa cells, which could be related to the presence of
sufficient levels of endogenous T/EBP/NKX2.1 in NCI-H441
cells to mediate trans activation of construct pGL3-111, a pos-
sibility which remains to be examined. These results suggest
that T/EBP/NKX2.1 is likely to be directly involved in the
transcriptional control of the mouse claudin-18a1 gene and
that elements that are necessary to activate claudin-18a1 tran-
scription may be located between �148 and �70 bp. The

nucleotide sequences in this region contain three minimal con-
sensus sequences for potential T/EBP/NKX2.1 binding sites
(CAAG) (19) at positions �134, �143, and �98 bp. Basal
reporter activity (in the absence of T/EBP/NKX2.1 cotransfec-
tion) was also affected by deletion of the claudin-18a1 gene
promoter. In both cell lines tested, basal activity was increased
upon deletion of the claudin-18a1 promoter from �3500 to
�259 bp. Furthermore, there was a significant decrease in
reporter activity upon deletion from position �259 to �212 of
the claudin-18a1 promoter. These results point to the presence
of elements within the claudin-18a1 promoter and/or protein
factors that mediate the constitutive transcriptional activity of
claudin-18a1 independent of T/EBP/NKX2.1.

A dose-dependent increase in claudin-18a1 reporter activity
in NCI-H441 cells was observed with increasing amounts of
T/EBP/NKX2.1 DNA (0.005- to 5-fold relative to the amount
of construct pGL3-259). A plateau appears to be reached when
an approximately fivefold excess amount of expression plasmid
is cotransfected. Under these transfection conditions, however,
expression of the endogenous human claudin-18A1 gene was

FIG. 5. T/EBP/NKX2.1 activates transcription of the mouse claudin-18a1 gene. (A) Sequence of the mouse claudin-18a1 gene promoter.
Arrowheads indicate the positions of the pGL3-259, -212, -148, -111 and -70 deletion constructs. The minimal T/EBP/NKX2.1 binding consensus
sequences (5�-CAAG-3�) (19) and ATG initiation codon are shown in boldface and underlined. A TATA-like box is boxed. The bent arrow with �
1 indicates the major transcription start site. (B and C) Deletion analysis of the mouse claudin-18a1 gene promoter. The relative luciferase activities
in NCI-H441 cells (B) or HeLa cells (C) transiently transfected with the indicated deletion constructs are shown. Activities obtained in the presence
of cotransfected pCMV4-T/EBP/NKX2.1 (black bars) or pCMV4 (white bars) are relative to the activity of pGL3-Basic (construct 0). Values
represent the means 
 SD from three separate experiments. �, significantly different from the control pCMV4 vector at a P value of �0.05, ��,
significantly different from construct pGL3-111 with the expression plasmid at a P value of �0.01; ���, significantly different from construct
pGL3-212 with the expression plasmid at a P value of �0.05. (D) Dose-dependent increase of claudin-18a1 reporter activity with pCMV4-T/
EBP/NKX2.1. Increasing concentrations of pCMV4-T/EBP/NKX2.1 (black bars) or pCMV4 (white bars) were cotransfected with the construct
pGL3-259 in NCI-H441 cells. Luciferase activities are relative to the activity of construct pGL3-259 without any cotransfected vectors. Values
represent the means 
 SD from three separate experiments.
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not detectable by RT-PCR in NCI-H441 cells suggesting that
T/EBP/NKX2.1 may not be required for transcription of the
human claudin-18A1 gene or that other factors that may be
required for the expression of the gene are deficient in this cell
line. Alternatively, the claudin-18A1 mRNA is inherently un-
stable in NCI-H441 cells.

Site-directed mutagenesis of the putative T/EBP/NKX2.1
binding sites (at positions �143 bp [pGL3-259 mut 1] and �98
bp [pGL3-259 mut 3]) (Fig. 6A) showed incomplete but sig-
nificant reduction of trans activation by T/EBP/NKX2.1 in both
NCI-H441 and HeLa cells (Fig. 6B and C, respectively). Mu-
tations at position �134 bp (pGL3-259 mut 2) had no discern-
ible effect. Mutations of both T/EBP/NKX2.1 binding sites (at
positions �143 and �98 bp [pGL3-259 mut 4]) resulted in
profound reductions of trans activation in both NCI-H441 and
HeLa cells. These results indicate that the putative T/EBP/
NKX2.1 binding sites at positions �143 and �98 participate in
trans activation of the mouse claudin-18a1 promoter by T/EBP/
NKX2.1.

T/EBP/NKX2.1 protein binds to sequences of the claudin-
18a1 promoter. In order to further define the function of these
elements, electromobility shift assays were performed with nu-
clear extracts from NCI-H441 cells (Fig. 7). Migration of the
32P-labeled oligonucleotide containing two T/EBP/NKX2.1
consensus binding sites (probe I; �158 to �129 bp) (Fig. 7A)
was slower in the presence of NCI-H441 cell nuclear extracts
(Fig. 7B). Formation of the specific protein-DNA complex was
inhibited by the addition of 100-and 500-fold excesses, of un-
labeled specific oligonucleotide but not by nonspecific oligo-
nucleotide. An oligonucleotide containing one of the two
T/EBP/NKX2.1 binding sites mutated (at �143 bp; probe I
mut 1) did not compete with formation of the specific protein-
DNA complex, whereas an oligonucleotide containing a mu-
tated site at position �134 (probe I mut 2) did. These results
demonstrate that T/EBP/NKX2.1 does not bind to the mini-

mum consensus site at position �134. An oligonucleotide con-
taining the T/EBP/NKX2.1 binding site identified in the rat
thyroglobulin gene promoter (7) completely prevented com-
plex formation. The specific protein-DNA complex was su-
pershifted by T/EBP/NKX2.1 antibody (Fig. 7B, lane Ab �).
Radiolabeled oligonucleotides containing the third T/EBP/
NKX2.1 binding site at position �98 (probe II; �114 to �87
bp) exhibited results similar to those for probe I (Fig. 7C).
Thus, the elements that mediate transcriptional activation of
T/EBP/NKX2.1 are located at positions �143 and �98 bp in
the 5� region of the mouse claudin-18a1 gene.

Cellular localization of claudin-18. To analyze the subcellu-
lar localization of caludin-18, we examined the distribution of
claudin-18 in mouse lung and stomach by immunohistochem-
istry (Fig. 8). Since the claudin-18 antibody was raised against
synthetic C-terminal peptides, this antibody recognizes both
claudin-18A1.1 and -18A2.1. In lung bronchus and bronchioles
(Fig. 8A) (data on bronchioles not shown) and glandular stom-
ach (Fig. 8B and C), immunoreactivity was seen along the cell
membrane diffusely, in the cytoplasm of some cells, and in
punctate spots that may represent TJs. In particular, dramatic
complete membrane staining was observed in adult mouse
glandular stomach around the entire surface of epithelial cells
(Fig. 8C).

In order to examine at which cellular organelles claudin-
18A1.1 is present, IEM was performed using adult mouse
stomach and lungs from E15.5 and E18.5 embryos and adults.
All of the tissues examined clearly demonstrated that clau-
din-18 is localized at TJs in epithelial cells (Fig. 9). No other
organelles had immunogold spots. T/ebp/Nkx2.1-null embry-
onic lungs of the same gestational ages were also examined for
claudin-18 protein expression. As expected, no positive stain-
ing was obtained, further demonstrating the specificity of the
antibody for claudin-18 (data not shown). Interestingly, T/ebp/
Nkx2.1-null embryo lungs as early as E12.5 clearly demon-

FIG. 6. Mutation of T/EBP/NKX2.1 binding sites reduces trans activation by T/EBP/NKX2.1. (A) Schematic representation of wild-type (�259
WT) and mutant (�259 mut 1 to 4) constructs. Closed ovals represent potential T/EBP/NKX2.1 binding sites. Open ovals depict functionless
T/EBP/NKX2.1 binding consensus sites. Site-specific mutations are indicated by asterisks (each asterisk corresponds to a nucleotide). The mutated
sequences are shown in Fig. 7A. (B and C) The deletion �259 construct with or without various site-specific mutations was transiently transfected
into NCI-H441 cells (B) or HeLa cells (C) in the presence of coexpressed pCMV4-T/EBP/NKX2.1 (black bars) or pCMV4 (white bars). Values
represent the means 
 SD from three separate experiments. �, significantly different from construct �259 with the expression vector at a P value
of �0.01; ��, significantly different from construct �259 with the expression vector at a P value of �0.05.
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strated the presence of TJs (data not shown). However, the
latter observation can be explained by the presence of claudins
other than claudin-18 in the mutant lungs (Fig. 4).

DISCUSSION

We have identified a novel T/EBP/NKX2.1 target gene, clau-
din-18, which is a member of the claudin multigene family.
Unlike other claudin gene family members, claudin-18 encodes
two types of lung- and stomach-specific polypeptides by alter-
native splicing. An alternative 12-bp insertion at the 3� end of
exon 4 produces an isoform that lacks the C-terminal cytoplas-
mic domain. Most claudins have tyrosine-valine (Y-V) amino
acid sequences at their C termini, which directly bind to the
membrane-associated guanylate kinase family of proteins,
ZO-1, ZO-2, and ZO-3, through their first PDZ (postsynaptic
protein-95 [PSD-95]/discs large [DLG]/zonula occludens-1
[ZO-1]) domains (18, 29). These proteins are believed to func-
tion as scaffolds of the TJ plaque to cross-link TJ strands to the

actin-based cytoskeleton, and they are involved in the regula-
tion of the barrier function of TJs by modulating actin fila-
ment-TJ strand association (18, 23). Considering these hypoth-
eses and the fact that claudins can be polymerized to form TJ
strands without interacting with ZO-1 (13), the C-terminally
truncated isoform may have a dominant-negative-type function
in regulating the barrier function of TJs. Determination of
whether this is the case or not must await further studies.

Alternative usage of two promoters and their own first exons
leads to production of lung- and stomach-specific claudins.
Although detailed descriptions of most claudins have not yet
been reported, most claudins have wide tissue distribution
patterns, except claudins-11 and -16 (27, 29; our unpublished
observation). Claudin-11 is the only claudin expressed in the

FIG. 7. The T/EBP/NKX2.1 minimal consensus sequence in the
mouse claudin-18a1 gene promoter specifically binds to NCI-H441
nuclear proteins. (A) Sequences of probes and competitors used in
electrophoretic gel mobility shift analysis. Oligo C is taken from the rat
thyroglobulin promoter (rTG) (�82 to �56 bp), which had been iden-
tified as a T/EBP/NKX2.1 binding site (7). Putative T/EBP/NKX2.1
consensus sequences (19) are shown in boldface and underlined. (B
and C) Electrophoretic mobility shift assay of the T/EBP/NKX2.1
binding site. NCI-H441 nuclear extracts were incubated with 32P-la-
beled probe I (B) or probe II (C). The specifically retarded complex is
shown by an arrowhead. Competition assays were performed with
100-fold (C) or 100- and 500-fold (B) excesses of unlabeled specific
(lanes s), nonspecific (lanes ns), mutated (lanes mut 1 and mut 2), or
oligo C (lanes c) oligonucleotides. For antibody supershift analysis,
TTF1-specific monoclonal antibody was added to the reaction mixture
(lanes Ab �). Asterisks indicate the position of the supershifted com-
plex.

FIG. 8. Immunolocalization of claudin-18 in mouse lung and stom-
ach. E13.5 whole normal mouse embryo (A and B) and normal adult
mouse stomach (C) were fixed in Bouin’s fixatives and were subjected
to immunohistochemistry. (A) Lung bronchial epithelial cells. (B)
Glandular stomach epithelial cells. Positive staining is shown by ar-
rows. (C) Glandular stomach epithelial layers. Magnification, �300.
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myelin sheaths of oligodendrocytes in the central nervous sys-
tem and Sertoli cells in the testis (14, 30). Claudin-16 expres-
sion is mainly restricted to the thick ascending limb of Henle in
the kidney, and it is assumed that claudin-16 creates a magne-
sium-selective channel through the TJs (38). In our analyses by
RT-PCR, more than 10 claudins are expressed in mouse lung
(this study) and stomach (unpublished observation). However,
lung- and stomach-restricted expression of claudin-18 suggests
that claudin-18 may have an important role such as a channel-
like activity as seen in claudin-16.

The results of transient-transfection studies indicate that the
homeodomain-containing transcription factor T/EBP/NKX2.1
is required to trans activate expression of the mouse claudin-
18a1 promoter even though the level of induction is low (two
to threefold). To our knowledge, this is the first report that
describes functional analysis of the claudin gene promoter.
Cotransfection experiments using a plasmid expressing T/EBP/
NKX2.1 with claudin-18a1–luciferase reporter constructs de-
lineated the minimal region of the mouse claudin-18a1 gene
promoter that is sufficient to activate transcription of the gene.
This region contains two consensus T/EBP/NKX2.1 binding
elements, 5�-CAAG-3� (19). Mutation of each motif interfered
equally with T/EBP/NKX2.1 binding to the site and reduced
claudin-18a1 promoter activity by approximately one-half. Mu-
tation of both sites nearly abolished the transcriptional activity
of the gene. Data obtained from electrophoretic mobility shift
assays were consistent with these results. The dose-dependent
increase in reporter activity in response to cotransfected
T/EBP/NKX2.1 is also consistent with the hypothesis that the
mouse claudin-18a1 gene is a direct target of T/EBP/NKX2.1.
Interestingly, claudin-18a1 is the only gene that appears to be
activated by T/EBP/NKX2.1, although at least 10 claudins are
expressed in mouse embryonic lungs (27, 29). T/EBP/NKX2.1
not only functions as a transcriptional regulator of surfactant
protein (1, 2, 19) and Clara cell secretory protein (34, 35) genes
in lung but also is proposed to be one of the key regulators of
early lung development (26). Recently, it was demonstrated
that morphogenesis and cellular differentiation of the distal
lung compartments are strictly dependent on the activity of
T/EBP/NKX2.1 (26, 46). Whether claudin-18a1 has a role in
lung morphogenesis remains to be studied.

claudin-18a2 is a stomach-specific isoform of the claudin-18
gene that has a promoter distinct from that of claudin-18a1.
High levels of expression in adult mouse stomach were dem-
onstrated by immunostaining. Of interest is its immunolocal-
ization, where claudin-18 appears to be located on entire cell
membranes and in some cases cytoplasm rather than just TJs.
This pattern of expression is very similar to those of caludin-3
and -5 in stomach (33). Diffuse cytoplasmic staining of clau-
din-18 may be the result of using thicker paraffin sections (4 to
6 �m) for immunostaining instead of very thin sections such as
the 50- to 100-nm sections used for EM. However, IEM dem-
onstrated claudin-18 immunogold spots only at TJs and not
within any other cellular organelles. For claudin-3 and -5, IEM
has yet to be performed (33). Thus, it is possible, as proposed
for claudin-3 and -5 (33), that claudin-18 may be localized
along the lateral and basolateral intercellular space without
forming direct cell-to-cell contacts that can influence ion or
solute movement along the lateral or basolateral membranes.
It is possible that these claudins are recruited into TJs to
quickly establish new paracellular transport properties in re-
sponse to acute physiological challenge. Our data on clau-
din-18 argue for the proposal that some, if not all, of the TJ
barriers may be regulated by both transcriptional and subcel-
lular localization mechanisms (33).

Our results demonstrated that the stomach-specific form of
the transcript is present in both mouse and human. In prelim-
inary experiments, there was no cis-regulatory element for
stomach-specific expression within 1.8 kb upstream of the
mouse claudin-18a2 gene when a human stomach adenocarci-
noma-derived AGS cell line was used in transfection assays.
Initially, the expression of the human claudin-18A2 gene in this
cell line was confirmed by using RT-PCR. To our knowledge,
no stomach-specific transcription factor has been reported.
Further sequences upstream of 1.8 kb of the mouse claudin-
18a2 gene may contain a cis-regulatory element for stomach-
specific expression. It is not yet known whether the two differ-
ent tissue-specific forms of claudin-18 possess distinct
functions at their specific expression sites. In this regard, it is
interesting that claudin-18al is the only claudin that is missing
in T/ebp/Nkx2.1-null mouse lungs. Determination of whether

FIG. 9. Ultrastructural localization of claudin-18A1.1 and claudin-18A2.1 in mouse lung and stomach, respectively. IEM of E15.5 embryo (A)
and adult (B) normal mouse lungs and of adult stomach (C) is shown. Note that the immunogold labeling is localized at TJs. Bars, 0.5 �m.
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claudin-18A1 plays a role in lung development requires further
experiments.
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