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ZO-1, ZO-2, and ZO-3 are closely related MAGUK family proteins that localize at the cytoplasmic surface
of tight junctions (TJs). ZO-1 and ZO-2 are expressed in both epithelia and endothelia, whereas ZO-3 is
exclusively expressed in epithelia. In spite of intensive studies of these TJ MAGUKs, our knowledge of their
functions in vivo, especially those of ZO-3, is still fragmentary. Here, we have generated mice, as well as F9
teratocarcinoma cell lines, that do not express ZO-3 by homologous recombination. Unexpectedly, ZO-3�/�

mice were viable and fertile, and rigorous phenotypic analyses identified no significant abnormalities. More-
over, ZO-3-deficient F9 teratocarcinoma cells differentiated normally into visceral endoderm epithelium-like
cells in the presence of retinoic acid. These cells had a normal epithelial appearance, and the molecular
architecture of their TJs did not appear to be affected, except that TJ localization of ZO-2 was upregulated.
Suppression of ZO-2 expression by RNA interference in ZO-3�/� cells, however, did not affect the architecture
of TJs. Furthermore, the speed with which TJs formed after a Ca2� switch was indistinguishable between
wild-type and ZO-3�/� cells. These findings indicate that ZO-3 is dispensable in vivo in terms of individual
viability, epithelial differentiation, and the establishment of TJs, at least in the laboratory environment.

Epithelial cells are connected side-by-side by junctional
complexes consisting of tight junctions (TJs), adherens junc-
tions (AJs), and desmosomes from the apical side (10). Among
these intercellular junctions, TJs are thought to be at least
bifunctional: TJs create a primary barrier to the diffusion of
solutes through the paracellular pathways (barrier function)
and maintain the asymmetry of apical versus basolateral
plasma membrane domains by restricting the movement of
integral membrane proteins and lipids within plasma mem-
branes (fence function) (1, 4, 43, 50). Thus, TJs are prerequi-
site for epithelial cells to exert their barrier function and are
indispensable for multicellular organisms to survive.

On freeze-fracture electron microscopy, TJs are identified as
a series of continuous, anastomosing intramembranous parti-
cle strands that are called TJ strands or fibrils (44). A growing
number of molecules have now been identified as structural
components of TJ strands. Among these, occludin (12), clau-
dins (11), JAM/JAM-related immunoglobulin G-superfamily
proteins (8, 32), and tricellulin (19) are classes of integral
membrane proteins of TJ strands. Claudins, which bear four
transmembrane domains with both NH2 and COOH termini
located in the cytoplasm, comprise a gene family that consists

of 24 members and directly contribute to the structure and
functions of TJ strands (11, 34, 49, 50). In contrast, information
on occludin, which also bears four membrane-spanning do-
mains, and JAM, a single-pass transmembrane protein, is still
fragmentary. Tricellulin, which has four transmembrane do-
mains, is unique in that it is mostly concentrated at tricellular
contacts of TJ strands.

Several peripheral membrane proteins underlying the cyto-
plasmic surface of TJs have also been identified and are be-
lieved to be involved in the formation of TJs or in the intra-
cellular signaling originating from TJs. In general, these
proteins have domains responsible for protein-protein interac-
tions, such as a PDZ (for PSD95/Dlg/ZO-1) domain, and are
thought to make up macromolecular complexes connecting to
TJ integral membrane proteins through these domains (33, 39,
50). Among them, three closely related PDZ domain-contain-
ing proteins, ZO-1, -2, and -3, have attracted increasing inter-
est. They contain three PDZ domains (PDZ1, -2, and -3), one
Src homology 3 (SH3) domain, and one guanylate kinase-like
(GUK) domain from their NH2 termini and so are called
MAGUKs (for membrane-associated guanylate kinase pro-
teins) (Fig. 1A) (3, 14, 15, 17, 45). All of them bind to the
cytoplasmic tail of claudins at their PDZ1 domain and also to
actin filaments in their COOH-terminal region (13, 17, 21, 22,
53). Molecules involved in the establishment of epithelial po-
larity are also concentrated at TJs: Par3/Par6/atypical protein
kinase C (aPKC) and Crb3/Pals1/Patj complexes localize at TJs
(24, 25, 26, 28, 29, 31, 41). Furthermore, several other proteins
such as cingulin (7), JACOP (37), JEAP (36), MUPP1 (16),
ZONAB (5), and GEF-H1/Lfc (6) are also reported as periph-
eral membrane proteins of TJs, though their physiological
functions have not yet been substantially defined.
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Among the three TJ MAGUKs, only ZO-3 is specifically
expressed in epithelia (20). ZO-1 and ZO-2 are, in addition to
TJs of the epithelia or endothelia, concentrated at spot-like
AJs of fibroblasts, intercalated discs of cardiac muscle cells,
and the outer limiting membranes of the retina, but ZO-3 was
undetectable in these cells. Northern blot analysis shows that
ZO-3 is expressed abundantly in the lung, the liver, and the
kidney and, according to the public EST database, ZO-3 ap-
pears to be expressed in large amounts in the colon, the stom-
ach, and other epithelial organs (20). Although the three
MAGUKs have considerable structural homology, a calcula-
tion of amino acid sequence identity has revealed that the
structural similarity between ZO-3 and ZO-1 or between ZO-3
and ZO-2 was lower than the similarity between ZO-1 and
ZO-2 (Fig. 1B). Thus, ZO-3 appears to have its own specific
molecular properties. However, the functional characteristics
of ZO-3 have been examined less than those of ZO-1 and
ZO-2. Overexpression of the NH2-terminal half of ZO-3 con-
taining the PDZ1, -2, and -3 domains in MDCK cells report-
edly induces remarkable changes in the organization of actin
cytoskeletons and delays the assembly of TJs and AJs during

epithelial polarization (54, 55). Furthermore, ZO-3 was re-
ported to directly bind to the PDZ6 domain of Patj at its
COOH terminus. When this PDZ domain was deleted from
Patj, the resultant truncated Patj was not recruited to TJs,
suggesting that ZO-3 is involved in the epithelial polarization
by recruiting Patj and its binding partners to TJs (40).

Here we generated mice, as well as mouse teratocarcinoma
F9 cells, that lack the expression of ZO-3, by homologous
recombination. ZO-3-deficient mice were viable and fertile.
Intensive analyses revealed that there were no significant his-
tological abnormalities in any of the organs examined. More-
over, when ZO-3-deficient F9 cells were suspension cultured in
the presence of retinoic acid (18), they differentiated normally
to form visceral endoderms. Electron microscopy identified
normal TJs, and immunofluorescence microscopy revealed a
normal molecular architecture of TJs. Furthermore, a Ca2�

switch experiment has shown that ZO-3 is indispensable for
the assembly of TJs. Therefore, we concluded that ZO-3 is
dispensable not only at the cellular level but also at the whole
body level in mice.

MATERIALS AND METHODS

Targeting strategy. A � phage 129/Sv mouse genomic library was screened by
using a mouse ZO-3 cDNA fragment as a probe, and the overall structure of the
mouse ZO-3 genomic locus was determined as shown in Fig. 2A. Two types of
targeting vectors were constructed. Targeting vector I was designed to delete all
exons except exon 1 and was used for targeting the first allele of the ZO-3 gene
in embryonic stem (ES) cells and F9 cells (see Fig. 2A and 5A). Targeting vector
II was designed to insert the targeting vector cassette into exon 3 and was used
for targeting the second allele of ZO-3 in F9 cells (see Fig. 5A). To construct
targeting vector I, a 15.5-kb XhoI-NotI fragment (5� arm) and a 0.94-kb HindIII-
ApaI fragment (3� arm), were, respectively, ligated to the 5� and 3� sides of the
targeting vector cassette, which contains a promoterless lacZ cassette and a
PGK-Neo (neomycin resistance gene) cassette (opposite to the orientation of the
ZO-3 gene and flanked by loxP sequences). The diphtheria toxin A expression
cassette (MC1pDT-A) was placed outside the 3� arm for negative selection. To
construct targeting vector II, the 15.5-kb XhoI-NotI fragment (5� arm) and a
1.1-kb SacII-ApaI fragment (3� arm) were ligated to the targeting cassette, which
contains IRES, lacZ, and PGK-Neo (opposite orientation, flanked by loxP se-
quences) cassettes. The DT-A cassette was placed outside the 3� arm.

To generate mice lacking the expression of ZO-3, J1 ES cells were electropo-
rated with targeting vector I (linearized by XhoI digestion) and selected for �9
days in the presence of G418. The G418-resistant colonies were removed and
screened by Southern blotting with the 3� external probe (3�probe-1) (see Fig.
2A). Correctly targeted ES clones were identified by an additional 5.4-kb band
together with the 9.8-kb band of the wild-type allele when digested with EcoRI.
The targeted ES cells obtained were injected into C57BL/6 blastocysts, which
were in turn transferred into BALB/c foster mothers to obtain chimeric mice.
Male chimeras were mated with C57BL/6 females, and agouti offspring were
genotyped to confirm the germ line transmission of the targeted allele. The
littermates were genotyped by Southern blotting. Heterozygous mice were then
interbred to produce homozygous mice.

To generate ZO-3-deficient F9 cells, parental F9 cells were electroporated
with targeting vector I (linearized with XhoI) and selected for 7 days in the
presence of G418 (Fig. 5A). The G418-resistant colonies were removed and
screened by PCR using primers that surround the 3� side of the insertion site of
the targeting cassette (ZO3ATV63�-2; 5�-TCCCAGGTTTGCATCCAGAAG
C-3� and TV6-PGK3; 5�-GTGGATGTGGAATGTGTGCGAG-3�) to produce a
1.0-kb band only from the targeted allele. For confirmation, the PCR-positive
clones were further examined by Southern blotting with 3�probe-1 as described
above. The single-targeted cells obtained were transfected with pCRE-PAC (47)
and cultured for 2 days to obtain the “Cre allele” (see Fig. 5A). Cells were
selected for 2 days in the presence of puromycin (1 �g/ml). Then, puromycin was
removed from the medium, and the cells were further cultured for �7 days.
Colonies grown were removed and tested as to whether they die in the presence
of G418, i.e., whether the PGK-Neo cassette was successfully removed from the
targeting cassette by the Cre treatment, and whether they die in the presence of
puromycin, i.e., whether the pCRE-PAC vector is not stably integrated into the

FIG. 1. Schematic representation of ZO-1, ZO-2, and ZO-3.
(A) Domain organization of three TJ MAGUKs. They have three PDZ
domains, one SH3 domain, and one GUK domain in this order from
their NH2 termini in common. (B) Amino acid sequence identities
between the three MAGUKs. The values shown are percent identities
between the full-length and the respective domains of these proteins.
Although these proteins have significant structural similarity, the over-
all similarity between ZO-3 and ZO-1 and between ZO-3 and ZO-2
was slightly weaker than the similarity between ZO-1 and ZO-2. Iden-
tity values were calculated by using Genetyx Mac software.
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genome. The clones that were sensitive to both drugs were further examined by
Southern blotting with 3�probe-1 to confirm the lack of a PGK-Neo cassette (see
Fig. 5). These clones were identified by a 3.4-kb band instead of a 5.4-kb band.
These singly targeted F9 cells were then electroporated with targeting vector II
(linearized with XhoI) and selected as described above. Screening was per-
formed by PCR using primers that surround the 3� side of the insertion site of the
targeting cassette (ZO3TV12-3�-3; 5�-TAGAATCCCCTAGTGAGGGTCC-3�
and TV6-PGK3) to produce a 1.0-kb band only from the targeted allele. Finally,
PCR-positive clones were examined by Southern blotting with 3�probe-2 (see
Fig. 5). Correctly targeted alleles were identified by a 3.9-kb band instead of a
7.1-kb band when digested with PstI.

To check that targeting vectors were not randomly integrated into the genome,
Southern blotting was performed with the internal Neo-probe, and a lack of
random integration was corroborated in both ES and F9 cells.

Reverse transcription-PCR (RT-PCR). Total RNA isolation and first-strand
cDNA synthesis were conducted as described previously (34). For subsequent
PCR, the following sets of primers were used: 5�-GGAAGAGCTGACCATCT
GGGAACAACACAC-3� (positions 3 to 32 of the ZO-3 open reading frame
[ORF], encoded in exon 2 of ZO-3, upstream) and 5�-GGACTACTGCGCCCT
ACAGATCTGCAGCC-3� (complementary sequence of the 5� terminus of the
targeting cassette of targeting vector II, downstream), 5�-CGGGGACCACATC
GTCATGGTGAATGGTG-3� (positions 162 to 190 of ZO-3 ORF, encoded in
exon 4, upstream) and 5�-CACCAGCACGGACTTTAGTGGCCTCATTAG-3�
(complementary sequence of positions 541 to 570 of the ZO-3 ORF, encoded in
exon 5, downstream), and 5�-CAACAGCAGGCGCGACCGATCTGGACCGC
G-3� (positions 2263 to 2292 of the ZO-3 ORF, encoded in exon 18, upstream)
and 5�-CAGGTCGGTGGCTGGGCCCCAGTCATAGCC-3� (complementary
sequence of positions 2686 to 2715 of the ZO-3 ORF, encoded in exon 21,
downstream). GAPDH was amplified by using 5�-GAGCTGAACGGGAAGCT
CACTGGCATGGCC-3� (upstream) and 5�-CTCCTTGGAGGCCATGTAGG
CCATGAGGTC-3� (downstream).

Cells and antibodies. Mouse teratocarcinoma F9 cells were grown in Dulbecco
modified Eagle medium supplemented with 10% fetal calf serum on gelatin-
coated culture dishes. Visceral endodermal differentiation was performed essen-
tially as described previously (27, 30). Briefly, for embryoid body formation, after
cells in suspension (1.5 � 103 cells/aggregate) were cultured in the presence of
5 � 10�8 M retinoic acid by hanging-drop culture for 3 days, cell aggregates were
cultured on noncoated culture dishes in medium containing the same concen-
tration of retinoic acid for ca. 4 to 6 days. For differentiation under monolayer
culture conditions, cells were plated at a density of 6 � 103 cells/cm3. On the next
day, 10�6 M of retinoic acid was added to the medium and cultured in the
presence of retinoic acid for an additional 7 days.

Mouse anti-ZO-1 monoclonal antibody (MAb; T8-754) (23), rat antioccludin
MAb (MOC37) (42), rat anti-ZO-3 MAb (20), and mouse anticingulin MAb (37)
were raised and characterized previously. Rabbit anti-Par6� polyclonal antibody
(PAb; BC32AP), rabbit anti-Patj PAb, and rat anti-E-cadherin MAb (ECCD2)
were provided by S. Ohno (Yokohama city University, Yokohama, Japan), A. Le
Bivic (University of Marseille, Marseille, France), and M. Takeichi (Center for
Developmental Biology, Kobe, Japan), respectively. Rabbit anti-ZO-2 PAb (H-
110; Santa Cruz Biotechnologies, Inc.), mouse anti-ZO-2 MAb (BD Transduc-
tion Laboratories, Inc.), and rabbit anti-claudin-3 PAb, mouse anti-claudin-4
MAb, rabbit anti-ZO-1 PAb, and rabbit anti-ZO-3 PAb (Zymed Laboratories,
Inc.) were obtained commercially.

RNA interference. The shRNAi vector for mouse ZO-2, in which the sequence
from positions 946 to 977 of mouse ZO-2 mRNA was subcloned into the down-
stream of the U6 promoter, was designed and constructed as described previ-
ously (51). This vector was stably transfected into wild-type and ZO-3�/� F9
cells.

Immunofluorescence microscopy. Mouse tissues were frozen by using liquid
nitrogen. Frozen sections �5 �m thick were cut on a cryostat, mounted on glass
slides, air dried, and fixed in 95% ethanol at 4°C for 30 min, followed by
treatment with 100% acetone at room temperature for 1 min. The sections were

FIG. 2. Generation of ZO-3�/� mice. (A) Restriction maps of the wild-type allele, the targeting vector (targeting vector I), and the targeted
allele of the mouse ZO-3 gene. The ZO-3 gene is composed of 21 exons, and the first ATG and the stop TGA codons are located in the putative
exons 2 and 21, respectively. Targeting vector I contains the LacZ/PGK-Neo cassette in its middle portion to delete all exons that encompass the
ORF of ZO-3, i.e., exon 2 to exon 21, in the targeted allele. The position of the 3� probe for Southern blotting (3�probe-1) is indicated as bars.
(B) Genotype analyses by Southern blotting of EcoRI-digested genomic DNA from wild-type (�/�), heterozygous (�/�), and homozygous (�/�)
mice with respect to the mutant ZO-3 gene allele. Southern blotting with 3�probe-1 yielded a 9.8-kb band from the wild-type allele and a 5.4-kb
band from the targeted allele. (C) Loss of ZO-3 mRNA in the kidney of ZO-3�/� mice examined by RT-PCR. A set of primers that correspond
to the sequences within exon 18 and exon 21 was used. A single product with a predicted length was obtained from wild-type (�/�) and
heterozygous (�/�) mice but not from homozygous (�/�) mice. As a control, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
equally amplified in all samples.
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washed with phosphate-buffered saline (PBS) three times and then blocked with
3% bovine serum albumin-PBS for 30 min and incubated with primary antibod-
ies. After being washed with PBS another three times, samples were incubated
with secondary antibodies for 30 min.

F9 cell aggregates were fixed either in 3% formalin for 30 min at room
temperature, in 10% trichloroacetic acid for 30 min at 4°C, or in methanol for 10
min at �20°C. When fixed with formalin or trichloroacetic acid, aggregates were
treated with 0.2% Triton X-100–PBS for 5 min. They were then processed for
immunofluorescence microscopy as described above. The aggregates were ex-
amined with an Olympus BX51 photomicroscope (Olympus) or a Zeiss LSM510
confocal laser-scanning microscope (Carl Zeiss).

Histological analyses. Mouse tissues were fixed with 10% formalin-PBS for 3
days at 4°C. Samples were then dehydrated through a graded series of ethanol,
and embedded in paraffin wax. Sections �5 �m thick were cut on a microtome
and stained with hematoxylin-eosin and/or periodic acid-Schiff.

RESULTS

Generation of ZO-3-deficient mice. To explore the function
of ZO-3 in vivo, we produced mice lacking its expression. By
using the ZO-3 cDNA fragment as a probe, we isolated the
mouse ZO-3 gene from a � phage 129/Sv mouse genomic
library. Nucleotide sequencing and restriction enzyme map-
ping revealed that the ZO-3 gene consists of 21 exons: the
putative exon 2 contains the first ATG codon, and the stop
TGA codon is located within exon 21 (Fig. 2A). We then
constructed targeting vector I, designed to replace all exons
except for exon 1 with the LacZ/PGK-Neo (neomycin resis-
tance gene) cassette. In the targeted allele, the ORF of ZO-3
is expected to be completely removed. One line of mice was
generated from an ES cell clone in which the ZO-3 gene was
disrupted by homologous recombination. Southern blotting re-
vealed the ZO-3 gene to be disrupted in heterozygous (ZO-
3�/�) and homozygous (ZO-3�/�) mice (Fig. 2B). RT-PCR
analysis confirmed a lack of ZO-3 expression in ZO-3�/� mice
(Fig. 2C). There was no obvious phenotype in ZO-3�/� mice,
and when these mice were interbred, ZO-3�/�, ZO-3�/�, and
ZO-3�/� mice were born in the expected Mendelian ratio
(Table 1). ZO-3�/� mice did not show any abnormalities. They
had a normal body weights, well-groomed coats, and normal
body postures and showed normal behavior. The blood and
urine were also examined, but no abnormalities were detected.
When ZO-3�/� females were mated with ZO-3�/� males, they
produced litters normally, indicating that ZO-3�/� mice are
fertile.

TJs in ZO-3�/� mice. We first examined the structure of TJs
in the small intestine as representative of the epithelial tissues.
Ultrathin-section electron microscopy revealed that the ZO-
3�/� intestinal epithelial cells were well polarized with char-
acteristic apical membranes bearing numerous and regularly
arranged microvilli. They were indistinguishable from the ZO-
3�/� intestinal epithelial cells (Fig. 3Aa and a�). Furthermore,
close inspection failed to detect any difference in the morphol-

ogy of the junctional complexes, including TJs between ZO-
3�/� and ZO-3�/� cells (Fig. 3Ab and b�). Immunofluores-
cence microscopy revealed that, in ZO-3�/� intestinal
epithelial cells, occludin (Fig. 3B) and ZO-1 (data not shown)
were normally concentrated in the most apical part of lateral
membranes showing a typical honeycomb pattern, although
ZO-3 became completely undetectable in TJs. Similarly, also in
ZO-3�/� renal tubules, ZO-1 (Fig. 3C) and occludin (data not
shown) were exclusively concentrated at TJs lacking ZO-3.
Finally, immunoblotting of lysates of kidney of ZO-3�/� and
ZO-3�/� mice revealed that the expression levels of several
junction-associated proteins were mostly indistinguishable be-
tween ZO-3�/� and ZO-3�/� mice (Fig. 3D). Therefore, we
conclude that ZO-3-deficiency did not affect the morphology
or the molecular assembly of TJs in epithelial cells in vivo.

Histological scanning of ZO-3�/� tissues. We examined
various tissues of ZO-3�/� mice histologically at the light
microscopic level using hematoxylin-eosin sections. In Fig. 4,
hematoxylin-eosin sectional images are presented for the ZO-
3�/� and ZO-3�/� lung, kidney, and liver. The ZO-3 deficiency
did not appear to cause any histological changes in these ZO-
3�/� tissues. In addition, we examined the histology of the
ZO-3�/� heart, spleen, trachea, esophagus, stomach, small in-
testine, colon, brain, pancreas, spinal marrow, skin, thymus
gland, suprarenal gland, pituitary gland, salivary gland, mam-
mary gland, bladder, ovary, and bone and again detected no
histological abnormalities (data not shown).

Generation of ZO-3-deficient F9 cells. To examine the func-
tion of ZO-3 at the cellular level in more detail, we attempted
to establish ZO-3-deficient F9 cells. F9 is a clonal embryonal
carcinoma cell line established from mouse teratocarcinoma.
When F9 cells are suspension cultured to form cell aggregates
in the presence of retinoic acid, cells delineating the surface of
the aggregates differentiate into epithelial cells (visceral
endodermal cells) (18). Therefore, F9 cells provide a good in
vitro model system for the study of epithelial differentiation
and morphogenesis.

In order to disrupt the two alleles of the ZO-3 gene, we used
two distinct types of targeting vectors (Fig. 5A). Targeting
vector I, which was designed for the targeting of the ZO-3 gene
in ES cells, was used for targeting the first allele of the ZO-3
gene of F9 cells. Of 1,000 neomycin-resistant clones examined,
one clone (ZO�/� cells) had undergone a single homologous
recombination as revealed by Southern blotting with 3�probe-1
(Fig. 5B). Then, to restore the sensitivity to neomycin in
ZO�/� cells, the PGK-Neo cassette flanked by two loxP se-
quences in the first-targeted allele was removed by transfecting
ZO�/� cells with the expression vector for Cre-recombinase
(pCRE-PAC) (47) to obtain ZO-3�/� Cre cells (Fig. 5). For
the second targeting of the ZO-3 gene in ZO�/� Cre cells,
targeting vector II was designed with the expectation that the
targeting cassette would be inserted into exon 3 and that the
second targeting would occur selectively to the yet-to-be-tar-
geted wild-type allele of the ZO-3 gene. The correct targeting
of the second allele by targeting vector II was validated by
Southern blotting with 3�probe-2 (Fig. 5).

Importantly, although targeting by targeting vector I com-
pletely removes coding regions from the ZO-3 gene, targeting
vector II simply intercalates the targeting cassette into exon 3.
Thus, some sort of transcript might well be generated from the

TABLE 1. Genotypic analysis of offspring from heterozygous/
heterozygous breeding pairsa

Genotype No. (%) of mice

�/� ....................................................................................... 11 (23.9)
�/� ....................................................................................... 21 (45.7)
�/� ....................................................................................... 14 (30.4)

a Offspring from seven breeding pairs were analyzed.
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targeting vector II-targeted allele. We suggest it to be a full-
length ZO-3 mRNA in which the targeting cassette sequence is
inserted, because the targeting cassette does not include a
poly(A) signal sequence that provides the end of the transcript.
To examine whether such a transcript is indeed expressed, we
performed RT-PCR utilizing set of primers that correspond to
the sequences within exon 2 and the targeting cassette of tar-
geting vector II. In agreement with our prediction, a single
PCR product was obtained only from the ZO-3�/� cells, in
which targeting vector II was targeted (see Fig. S1A in the

supplemental material). Surprisingly, sequencing analysis of
this fragment revealed that splicing between exon 2 and exon 3
did not actually occur and the intron sequence was retained in
the transcript (see Fig. S1B in the supplemental material). It
may be that the targeting cassette sequence somehow inter-
fered with the splicing between exon 2 and exon 3 because the
insertion occurred in the vicinity of the splicing acceptor site of
exon 3 (Fig. 5A; see also Fig. S1B in the supplemental mate-
rial). Importantly, because an artificial in-frame stop codon
(TGA) existed within this intron, the targeting vector-II tar-

FIG. 3. TJs in ZO-3�/� mice. (A) Ultrathin-section electron microscopy. Both ZO-3�/� (�/�) and ZO-3�/� (�/�) intestinal epithelial cells are
well polarized, bearing characteristic microvilli on their apical surface (a and a�) and well-developed junctional complexes at the most apical part
of the lateral membranes (arrows). These junctional complexes are composed of TJs, AJs, and desmosomes (DS) as shown at the higher
magnification (b and b�). Bars, 1 �m (a and a�) and 200 nm (b and b�). (B) Immunofluorescence microscopy of frozen sections of the ZO-3�/�

(�/�) and ZO-3�/� (�/�) small intestine with antioccludin MAb and anti-ZO-3 PAb. Occludin is concentrated at the TJs irrespective of the
occurrence of ZO-3. Bar, 10 �m. (C) Immunofluorescence microscopy of frozen sections of the ZO-3�/� (�/�) and ZO-3�/� (�/�) kidney with
anti-ZO-1 PAb and anti-ZO-3 MAb. ZO-1 is localized normally at TJs of renal tubules in ZO-3�/� mice. Bar, 10 �m. (D) Immunoblotting of
lysates of kidney of ZO-3�/� (�/�) and ZO-3�/� (�/�) mice with anti-ZO-3 PAb, anti-ZO-1 PAb, anti-ZO-2 PAb, anti-claudin-3 PAb,
antioccludin MAb, anticingulin MAb, anti-Patj PAb, and anti-	-tubulin MAb. The expression of ZO-3 was absent in the ZO-3�/� kidney, whereas
the expression levels of other junction-associated proteins were indistinguishable between ZO-3�/� and ZO-3�/� kidneys. Blotting for 	-tubulin
was used as a loading control.
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geted allele would generate a very short peptide that is com-
posed of the NH2-terminal 15-amino-acid sequence of ZO-3
and two artificial amino acids (see Fig. S1B in the supplemen-
tal material). Because this peptide lacks any functional do-
mains of ZO-3 (i.e., it contains merely the first six amino acids
of the first PDZ domain of ZO-3), it should be nonfunctional.
Therefore, it is likely that any functional ZO-3 is lost in our
ZO-3�/� cells. If our prediction is correct (i.e., the targeted
allele transcribes a full-length ZO-3 mRNA in which the tar-
geting cassette is inserted), however, then the COOH-terminal
coding region should also be detected by RT-PCR. Indeed,
RT-PCR analysis utilizing a set of primers that correspond to
the sequences within exon 4 and exon 5 (just downstream of
the targeting cassette insertion site) or within exon 18 and exon
21 (extreme COOH-terminal part of the coding region) de-
tected such a transcript, although its expression level appeared
to be considerably low in ZO-3�/� cells (see Fig. S1C in the
supplemental material). Because this region should be located
downstream of the artificial stop codon described above, it is
most likely not translated into a protein. If this region should
be translated into a protein, however, it might retain some
functions of ZO-3 because a large part of the functional do-
mains of ZO-3 is encoded within this region. Such translation
would occur if this region is a part of a transcript in which exon
2 is connected not with exon 3 but with some other down-
stream exons by an accidental splicing or in which an in-frame
ATG codon within the targeting cassette or within the native

exon of the gene was accidentally used as a start site of tran-
scription. We found that such a translation did not actually
occur, however, because immunoblotting, as well as immuno-
staining, of ZO-3�/� F9 cells utilizing two types of anti-ZO-3
antibodies, both of which were raised using the COOH termi-
nus of ZO-3 (i.e., the region encoded from exon 18 to exon 21
of the ZO-3 gene [amino acids 758 to 905 of mouse ZO-3]) as
antigens, did not detect any positive signals (Fig. 6B and C; see
also Fig. S1D in the supplemental material). Taken all to-
gether, we conclude that no functional ZO-3 is expressed in
our ZO-3�/� F9 cells.

TJ proteins in ZO-3�/� F9 cells. Close examination of ZO-
3�/� mice detected no histological or physiological abnormal-
ities, indicating that ZO-3 is dispensable for the morphogene-
sis and functions of the epithelium, especially of TJs, at least in
the laboratory environment. Therefore, it is reasonable to
speculate that some TJ component is upregulated to compen-
sate for the deficiency of ZO-3 in TJs. It is also possible that
some component is downregulated at TJs in the absence of
ZO-3. To discuss these points, an analysis with chimeric ag-
gregates of ZO-3�/� and ZO-3�/� F9 cells is needed. Prior to
performing such an analysis, however, we checked whether
ZO-3�/� F9 cells differentiate normally into visceral endoder-
mal epithelium-like cells. When ZO-3�/� F9 cells were sus-
pension cultured in the presence of retinoic acid, so-called
embryoid bodies were formed, which were indistinguishable in
appearance and size from the wild-type ones (Fig. 6Aa and a�).
Ultrathin-section electron microscopy identified visceral
endodermal cells with a normal appearance delineating the
outer surface of ZO-3�/� embryoid bodies, and these cells
bore normal junctional complexes between adjacent cells, al-
though in these, as well as wild-type cells, the TJs were not
clearly sorted out from AJs (Fig. 6Ab, c, b�, and c�). To exam-
ine their differentiation at the molecular level, we then checked
the expression levels of several junctional proteins by immu-
noblotting. Several genes have been reported to have an al-
tered expression in F9 cells induced to undergo differentiation
by retinoic acid (27). We here found that several junctional
proteins, including ZO-3, were upregulated when cultured in
the presence of retinoic acid in wild-type cells, although the
expression of ZO-1 was not significantly affected (Fig. 6B,
�/�). Importantly, a similar expression pattern was found in
ZO-3�/� cell aggregates except that ZO-3 was not expressed
(Fig. 6B, �/�). Taken together, differentiation, even in the
absence of ZO-3 expression, appeared to occur normally at the
morphological and molecular levels.

We then examined the molecular architecture of TJs of
ZO-3�/� epithelial cells by immunostaining. For this purpose,
we formed chimeric aggregates by coculturing the mixture of
wild-type and ZO-3�/� F9 cells, and these aggregates were
whole mount stained doubly with anti-ZO-3 antibody and an-
other antibody for a given TJ component. Through this type of
analysis, we can precisely evaluate the effects of the ZO-3
deficiency on other TJ components by immunofluorescence
microscopy (Fig. 6C). First, we examined the behavior of ZO-1
and ZO-2 in ZO-3�/� cells. When chimeric aggregates were
double stained with anti-ZO-1 PAb and anti-ZO-3 MAb, the
degree to which ZO-1 concentrated at TJs appeared to be
independent of the presence or absence of ZO-3 (Fig. 6Ca). In
contrast, interestingly, ZO-2 appeared to be concentrated at

FIG. 4. Hematoxylin-eosin-stained sectional images of the lungs (A
and A�), kidneys (B and B�), and livers (C and C�) of ZO-3�/� (�/�)
and ZO-3�/� (�/�) mice. In all tissues examined, no significant ab-
normalities were found in ZO-3�/� mice. Asterisks, glomeruli; arrows,
central veins. Bars, 50 �m (A and A�), 100 �m (B, B�, C, and C�).

9008 ADACHI ET AL. MOL. CELL. BIOL.



ZO-3-deficient TJs in a slightly larger amount than at wild-type
TJs in many chimeric aggregates (Fig. 6Cb). To confirm this
upregulation of ZO-2 in ZO-3-deficient TJs, we established a
ZO-3�/� F9 cell line expressing exogenous ZO-3 and formed
chimeric aggregates between this cell line and ZO-3�/� F9
cells (Fig. 6Cc). Whole-mount immunostaining with anti-ZO-2

PAb revealed that the exogenous expression of ZO-3 in ZO-
3�/� visceral endodermal cells decreased the concentration of
ZO-2 at TJs down to the wild-type level. Using the chimeric
aggregates, we next examined the behavior of three TJ integral
membrane proteins—occludin, JAM1, and claudins (claudin-3
and -4)—in ZO-3�/� visceral endodermal cells, but none of

FIG. 5. Generation of ZO-3�/� F9 cells. (A) Restriction maps of the wild-type allele, the first and second targeting vectors (targeting vector
I and II), the Cre-treated allele (Cre allele), and the targeted alleles of the mouse ZO-3 gene. Targeting vector I is the same as that used for the
generation of ZO-3�/� mice (see Fig. 2A). Targeting vector II contained an IRES-LacZ/PGK-Neo cassette in the middle and DT-A cassette just
on the 3� side of the 3� arm to insert the IRES-LacZ/PGK-Neo cassette into exon 3. The positions of 3�probe-1 and 3�probe-2 for Southern blotting
are indicated by bars. (B) Genotype analyses by Southern blotting of EcoRI-digested (with 3�probe-1) and PstI-digested (with 3�probe-2) genomic
DNA from wild-type (�/�), heterozygous (�/�), Cre-treated heterozygous (�/� Cre), and homozygous (�/�) F9 cells. Southern blotting with
3�probe-1 yielded a 9.8-kb band from the wild-type allele, a 5.4-kb band from the first targeted allele, and a 3.4-kb band from the Cre-treated allele.
Southern blotting with 3�probe-2 yielded a 7.1-kb band from the wild-type allele, a 3.9-kb band from the second targeted allele, and no band from
the first targeted and the Cre-treated alleles.
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FIG. 6. Phenotypic analyses of the visceral endoderm differentiated from ZO-3�/� and ZO-3�/� F9 cells. (A) Morphology of ZO-3�/� (�/�)
and ZO-3�/� (�/�) F9 cell aggregates. Phase-contrast microscopy (a and a�) showed that ZO-3�/� and ZO-3�/� cell aggregates were similar in
size and appearance. Ultrathin-section electron microscopy (b and b�) revealed at low magnification that both ZO-3�/� and ZO-3�/� cells
delineating the outer surface of cell aggregates (visceral endodermal cells) were polarized with short microvilli on their apical surface (arrows).
At higher magnification (c and c�), cell-cell contact sites of ZO-3�/� and ZO-3�/� visceral endodermal cells were characterized by junctional
complexes consisting of TJs, AJs, and desmosomes (DS). Bars: 100 �m (a and a�), 5 �m (b and b�), 200 nm (c and c�). (B) Immunoblotting of
whole-cell lysates of ZO-3�/� (�/�) and ZO-3�/� (�/�) F9 cell aggregates that are cultured for 6 days in the presence (RA�) or absence (RA�)
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them appeared to be affected in their distribution or concen-
tration at TJs by the ZO-3 deficiency (Fig. 6Cd and data not
shown). Finally, we examined two other TJ plaque proteins in
ZO-3�/� visceral endodermal cells: cingulin and Patj. We pre-
viously showed that cingulin disappeared from TJs in ZO-1-
deficient epithelial cells (52), but cingulin was normally con-
centrated at TJs in the absence of ZO-3 (Fig. 6Ce). Patj is
believed to be involved in the establishment of epithelial po-
larity, and ZO-3 was suggested to contribute to the localization

of Patj to TJs by directly binding to Patj (40). However, Patj
appeared to be normally recruited to TJs in ZO-3�/� visceral
endodermal cells (Fig. 6Cf).

Examination of possible functional compensation by ZO-2.
We found no apparent abnormalities at TJs in ZO-3�/� F9
cells except for the upregulation of ZO-2. Because ZO-2 has
significant structural similarities with ZO-3, there arises a pos-
sibility that ZO-2 compensates for the function of ZO-3 at
ZO-3-deficient TJs. To examine this, we stably knocked down

of retinoic acid. Each of the whole-cell lysates was blotted with anti-ZO-3 PAb, anti-ZO-1 PAb, anti-ZO-2 PAb, anti-claudin-3 PAb, antioccludin
MAb, anti-cingulin MAb, anti-Patj PAb, and anti-	-tubulin MAb. Retinoic acid affected the expression levels of many junctional proteins, and their
expression patterns were indistinguishable between ZO-3�/� and ZO-3�/� cells except that the expression of ZO-3 disappeared in ZO-3�/� cells.
Blotting for 	-tubulin was used as a loading control. (C) Immunostaining of chimeric cell aggregates formed by coculturing a mixture of ZO-3�/�

and ZO-3�/� cells (a, b, d, e, and f) or a mixture of ZO-3�/� cells exogenously expressing ZO-3 (ZO-3�/�/� cells) and ZO-3�/� cells (c). These
chimeric aggregates were whole-mount stained doubly with anti-ZO-1 MAb–anti-ZO-3 PAb (a), anti-ZO-2 PAb–anti-ZO-3 MAb (b and c),
anti-claudin-4 MAb–anti-ZO-3 PAb (d), anticingulin MAb–anti-ZO-3 PAb (e), or anti-Patj PAb–anti-ZO-3 MAb (f). ZO-3�/� cells and ZO-3�/�/�

cells are marked by asterisks. The concentrations of ZO-1, claudin-4, cingulin, and Patj do not appear to differ between ZO-3-positive and
ZO-3-negative TJs (a, d, e, and f). Note that ZO-2 is concentrated in a significantly larger amount at ZO-3-negative TJs between adjacent ZO-3�/�

cells than ZO-3-positive TJs between ZO-3�/� cells (b) or ZO-3�/�/� cells (c). Bar, 20 �m.

FIG. 7. Phenotypic analyses of F9 cells lacking the expression of ZO-3 and ZO-2 differentiated under monolayer culture conditions. (A) Im-
munoblotting of whole-cell lysates of ZO-3�/�, ZO-3�/�, ZO-3�/�/ZO-2KD and ZO-3�/�/ZO-2KD F9 cells that are cultured for 7 days in the
presence of retinoic acid under monolayer culture conditions. Each of the lysates was blotted with anti-ZO-3 PAb, anti-ZO-1 PAb, anti-ZO-2 PAb,
anti-claudin-3 PAb, antioccludin MAb, anticingulin MAb, anti-Patj PAb, and anti-	-tubulin MAb. Expression patterns of several junctional
proteins were indistinguishable among these four cells, except that ZO-3 expression disappeared in ZO-3�/� and ZO-3�/�/ZO-2KD cells and that
ZO-2 expression was suppressed in ZO-3�/�/ZO-2KD and ZO-3�/�/ZO-2KD cells. Blotting for 	-tubulin was used as a loading control. (B) Im-
munostaining of chimeric cell monolayers formed by coculturing a mixture of ZO-3�/� and ZO-3�/�/ZO-2KD cells. These chimeric aggregates were
doubly stained with anti-ZO-1 MAb–anti-ZO-2 PAb (a), anti-claudin-4 MAb–anti-ZO-2 PAb (b), anticingulin MAb–anti-ZO-2 PAb (c), or
anti-Patj PAb–anti-ZO-2 MAb (d). ZO-3�/� cells are indicated by asterisks. The concentration of ZO-1, claudin-4, cingulin, and Patj does not
appear to differ between ZO-2-positive and ZO-2-negative TJs with the ZO-3�/� background. Bar, 20 �m.
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the expression of ZO-2 in ZO-3�/� F9 cells by RNA interfer-
ence. These cells are referred to as ZO-3�/�/ZO-2KD cells. As
a control, the expression of ZO-2 was also knocked down in
wild-type F9 cells to obtain ZO-3�/�/ZO-2KD cells. Although
epithelial differentiation of F9 cells induced by retinoic acid is
usually observed when they are cultured in suspension to form
cell aggregates as described above, differentiation could also be
substantially attained under monolayer culture conditions (27).
Then, ZO-3�/�/ZO-2KD and ZO-3�/�/ZO-2KD cells, together
with wild-type (ZO-3�/�) and ZO-3�/� cells, were cultured in
the presence of retinoic acid under monolayer conditions. Im-
munoblotting of their lysates has shown that the expression of
ZO-2 was suppressed by ca. 90% in both ZO-3�/�/ZO-2KD and
ZO-3�/�/ZO-2KD cells, showing that RNA interference was
effective (Fig. 7A). Of significant importance, the expression
levels of several other junctional proteins were mostly indis-
tinguishable among these four types of cells. This result sug-
gests that epithelial differentiation can be comparably achieved
even in the absence of ZO-3, ZO-2, or both. Then, in order to
examine whether ZO-2 compensates for ZO-3 deficiency at
ZO-3�/� TJs, we made chimeric monolayer cultures by cocul-
turing ZO-3�/� and ZO-3�/�/ZO-2KD cells. Thus, if the nor-
mal molecular architecture of TJs in ZO-3�/� cells is due to a
compensatory role of ZO-2, then some abnormalities will be
apparent on the loss of ZO-2 in ZO-3�/� cells (i.e., ZO-3�/�/
ZO-2KD cells). Significantly, we found that the degree to which
ZO-1 concentrated at TJs is indistinguishable between ZO-
3�/� and ZO-3�/�/ZO-2KD cells (Fig. 7B). Moreover, the be-
haviors of three other TJ proteins, claudin-4, cingulin, and
Patj, was also indistinguishable in terms of their distribution
and concentration at TJs (Fig. 7B). These results suggest that
ZO-3�/� cells have normal TJs not because ZO-2 compensates
for ZO-3, but because ZO-3 actually does not have any role in
the molecular architecture of TJs, at least in our experimental
conditions. In other words, these results imply that TJs can be
normally established in the concomitant absence of ZO-2 and
ZO-3.

Examination of possible roles of ZO-3 in the formation of
TJs. Although we could not find any role for ZO-3 in terms of
the molecular architecture of TJs, it has been well documented
that many proteins do not affect steady-state TJs but affect the
process of TJ formation. Then, to examine the possible roles of
ZO-3 in the process of TJ formation, a Ca2� switch assay was
performed. In this experiment, F9 cells differentiated under
monolayer culture conditions were cultured overnight in a
low-Ca2� medium containing 5 �M Ca2�, so that their cell-cell
junctions are completely disrupted. Then, the medium was
switched to a normal medium to initiate the reassembly of the
junctions (“Ca2� switch”), and the process was followed.

Because the formation of TJs is always dependent on the
formation of AJs (38, 46, 48), we first examined the formation
of E-cadherin-positive AJs. As shown in Fig. 8A, in wild-type
(ZO-3�/�) cells E-cadherin-positive primordial cell-cell junc-
tions begin to form at 0.5 h after the transfer of the medium.
They then gradually grew to be aligned in a linear fashion more
densely, and the process was mostly completed to develop
continuous AJs at 4 h. Significantly, the time course of E-
cadherin-positive AJ formation of ZO-3�/� cells was indistin-
guishable from that of ZO-3�/� cells. Moreover, ZO-3�/�/ZO-
2KD cells also had an ability to assemble E-cadherin-positive

AJs with a comparable time course. Thus, the speed of AJ
formation is not affected by the presence or absence of ZO-3
or by the presence or absence of both ZO-3 and ZO-2.

In the process of cell-cell junction formation, E-cadherin
and ZO-1 first colocalized at primordial spot-like junctions,
but they gradually separated to form AJs and TJs, respectively
(2). We then examined the distribution of ZO-1 in our Ca2�

switch experiment. As shown in Fig. 8B, in wild-type ZO-3�/�

cells the time course of ZO-1-positive junction formation was
quite similar to that of E-cadherin-positive junctions, where
ZO-1-positive junctions are apparent at 0.5 h and almost com-
pletely formed at 2 to 4 h. Again, this time course is indistin-
guishable in ZO-3�/� cells, as well as in ZO-3�/�/ZO-2KD cells.
The accumulation of other TJ-associated proteins, including
JAM1, cingulin, Par6, and Patj, was also examined. However,
these molecules also normally assembled at the TJs of ZO-
3�/� cells or ZO-3�/�/ZO-2KD cells, although the time course
differed depending on the molecules examined (Fig. 8C and
data not shown). As for Patj, for example, considerable TJ
localization was apparent at around 1 h and was completed at
4 h or later (Fig. 8C). Thus, ZO-3 seems to be dispensable not
only for the molecular architecture of TJs but also for the
speed of TJ formation. Moreover, functional compensation of
ZO-3 by ZO-2 is unlikely in this process.

DISCUSSION

Although ZO-1 and ZO-2 are expressed not only in endo-
thelia and epithelia but also in a wide variety of tissues, ZO-3
is exclusively expressed in epithelial cells. Thus, ZO-3 was
suggested to have some important roles specifically at the TJs
of epithelial cells. It was therefore surprising that the ZO-3
deficiency did not result in any significant abnormalities at the
whole body or the cellular level. ZO-3�/� mice were viable and
fertile, and their epithelia possessed well-organized TJs, indi-
cating that ZO-3 is not required for the normal development
or survival of mice in the laboratory environment. Moreover,
ZO-3�/� F9 cells differentiated into epithelial cells normally in
the presence of retinoic acid, and these epithelial cells bore TJs
with a normal appearance and molecular architecture. A Ca2�

switch experiment has shown that ZO-3 is not responsible for
the process of TJ formation either.

What, then, is the physiological function of ZO-3? It is
possible that its real function has been overlooked in mice
grown in the laboratory environment. For example, the possi-
bility cannot be excluded that ZO-3 is indispensable for some
pathological events such as certain defense mechanisms of
epithelial cells against microorganisms. Another possibility is,
of course, that the TJ MAGUKs—ZO-1, ZO-2, and ZO-3—
are functionally redundant and that ZO-1 and/or ZO-2 func-
tionally compensate for the lack of ZO-3 not only at the whole
body but also at the cellular level. Indeed, these three proteins
shared significant structural similarities, which is the reason
why they are collectively called MAGUKs. Thus, it is impor-
tant to closely consider the molecular relationships between
these three TJ MAGUKs. ZO-1, ZO-2, and ZO-3 were all
reported to directly bind to the COOH termini of claudins at
their PDZ1 domains (13, 17, 21, 22, 53). At least in vitro, ZO-1
forms a heterodimeric complex with ZO-2 or ZO-3 through
PDZ2-PDZ2 interaction (21), but ZO-2 does not bind to
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FIG. 8. Ca2� switch experiment. ZO-3�/�, ZO-3�/�, and ZO-3�/�/ZO-2KD cells were cultured under monolayer conditions in the presence of
retinoic acid for 7 days. They were then cultured in a low Ca2� medium containing 5 �M Ca2� overnight and were transferred to a normal culture
medium. After 0.5, 1, 2, and 4 h of incubation, cells were fixed and stained with anti-E-cadherin MAb (A), anti-ZO-1 MAb (B), or anti-Patj PAb
(C). Junction formation similarly proceeded in ZO-3�/�, ZO-3�/�, and ZO-3�/�/ZO-2KD cells. Bar, 20 �m.
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ZO-3. If this is the case also in vivo, it is speculated that ZO-1
has its own specific function and that ZO-2 and ZO-3 are
functionally redundant. Consistent with such a contention, in
ZO-3�/� visceral endodermal cells the concentration of ZO-2
was increased slightly but significantly at TJs. Furthermore, our
studies with ZO-1-deficient Eph4 epithelial cells revealed that
ZO-1 and ZO-2 are not necessarily functionally redundant.
Thus, in ZO-1�/� Eph4 cells, the formation of TJs was re-
tarded after a Ca2� switch, and cingulin disappeared from TJs,
and these phenotypic changes were rescued by the exogenous
expression of ZO-1 but not by that of ZO-2, indicating that
ZO-1 has its own specific functions (52). Therefore, it can be
speculated that the lack of abnormalities in TJs of ZO-3�/�

mice and F9 cells is due to the functional compensation of
ZO-2 for the ZO-3 deficiency. However, we found that sup-
pression of ZO-2 expression by RNA interference did not
affect the TJ architecture in ZO-3�/� F9 cells. It might be that
a trace amount of residual ZO-2 was sufficient to rescue ZO-3
function. More likely, however, is that ZO-3 indeed has no
particular molecular functions at least in the normal laboratory
environment. Several observations support this assumption. (i)
A Ca2� switch experiment has shown that the loss of ZO-3 did
not even affect the process of TJ formation. (ii) Cultured
mouse Eph4 epithelial cells originally express only a negligible
amount of ZO-3 but have a normal epithelial morphology with
well-established TJs (20, 51, 52). (iii) In both Eph4 cells and F9
cells, the concomitant suppression of ZO-1 and ZO-2 suffi-
ciently disrupted the TJ structure (51). (iv) Exogenous expres-
sion of either ZO-1 or ZO-2 in ZO-1/ZO-2-deficient Eph4
cells, where all three TJ MAGUKs are substantially lost, suc-
cessively rescued the TJ structure, whereas that of ZO-3 did
not (51). Thus, among three homologous TJ MAGUKs, ZO-3
is the only molecule that does not have an ability to polymerize
TJ strands by itself. Taken together, these observations show
that, unlike ZO-1 and ZO-2, ZO-3 appears to have no physi-
ological functions that are apparent under normal laboratory
conditions.

Finally, we should discuss two TJ plaque proteins, cingulin
and Patj, that were reported to be localized at TJs and to
directly bind to ZO-3 (9, 17, 21, 40, 53). Our observations here
clearly showed that the localization of these proteins is not
dependent on ZO-2 or ZO-3. Taken together, with our previ-
ous analyses of ZO-1�/� Eph4 cells (52), we can conclude that
cingulin is recruited to TJs through its binding to ZO-1, not to
ZO-2 or ZO-3. Patj, which is thought to be directly involved in
the epithelial polarization, was reported to directly bind to the
COOH terminus of ZO-3 through its PDZ6 domain, and Patj
was shown to lose its ability to localize at TJs when its PDZ6
domain was deleted (40). It has not been shown that Patj binds
to ZO-1 or ZO-2 directly. Through these findings, it was as-
sumed that ZO-3 is indispensable for the localization of Patj at
TJs, but the present findings clearly do not support this as-
sumption. Since Patj binds to several TJ-associated molecules
other than ZO-3 such as Pals1 and Par6 (35, 41), it would be
reasonable to speculate that in the absence of ZO-3, Patj is
recruited to TJs through its binding to these proteins. Indeed,
both Pals1 and Par6 were normally concentrated at TJs in
ZO-3�/� visceral endodermal cells (not shown).

The present study did not clarify the specific functions of
ZO-3 at either the whole-body level or the cellular level. Fur-

ther generation of mutant mice lacking the TJ MAGUKs
ZO-1, -2, and -3, both singly and in combination, will lead to a
better understanding of the physiological relevance of the oc-
currence of these three closely related proteins at TJs.
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