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In well polarized epithelial cells, closely related ZO-1
and ZO-2 are thought to function as scaffold proteins at
tight junctions (TdJs). In epithelial cells at the initial
phase of polarization, these proteins are recruited to
cadherin-based spotlike adherens junctions (AJs). As a
first step to clarify the function of ZO-1, we successfully
generated mouse epithelial cell clones lacking ZO-1 ex-
pression (ZO-1—/- cells) by homologous recombination.
Unexpectedly, in confluent cultures, ZO-1—/— cells were
highly polarized with well organized AJs/TdJs, which
were indistinguishable from those in ZO-1+/+ cells by
electron microscopy. In good agreement, by immunoflu-
orescence microscopy, most TJ proteins including clau-
dins and occludin appeared to be normally concentrated
at Tds of ZO-1—/— cells with the exception that a ZO-1
deficiency significantly up- or down-regulated the re-
cruitment of ZO-2 and cingulin, another TdJ scaffold pro-
tein, respectively, to TJs. When the polarization of ZO-
1—/- cells was initiated by a Ca®* switch, the initial AJ
formation did not appear to be affected; however, the
subsequent TJ formation (recruitment of claudins/oc-
cludin to junctions and barrier establishment) was
markedly retarded. This retardation as well as the dis-
appearance of cingulin were rescued completely by ex-
ogenous ZO-1 but not by Z0O-2 expression. Quantitative
evaluation of Z0-1/Z0-2 expression levels led to the con-
clusion that ZO-1 and ZO-2 would function redundantly
to some extent in junction formation/epithelial polariza-
tion but that they are not functionally identical. Finally,
we discussed advantageous aspects of the gene knock-
out system with cultured epithelial cells in epithelial
cell biology.

The tight junction (TJ)! is one type of cell-to-cell adhesion
structure in epithelial cells. TJs constitute the epithelial junc-
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tional complex together with adherens junctions (AdJs) and
desmosomes and are located in the most apical part of the
complex (1). Tds seal cells to create a primary barrier to the
diffusion of solutes across the cellular sheet and also function
as a boundary between the apical and basolateral membrane
domains to produce their polarization (2-5). Therefore, Tds are
essential structures for epithelial cells to exert their physiolog-
ical functions.

On ultrathin-section electron microscopy, TJs appear as a
series of discrete sites of apparent fusion involving the outer
leaflets of the plasma membranes of adjacent cells (1). On
freeze-fracture electron microscopy, Tds appear as a set of
continuous, anastomosing intramembranous particle strands
(TJ strands) (6). TJ strands are mainly composed of linearly
polymerized integral membrane proteins called claudins with
molecular masses of ~23 kDa, which comprise a multigene
family consisting of >20 members (5, 7, 8). Claudin molecules
bear four transmembrane domains with both NH, and COOH
termini located in the cytoplasm. In addition to claudins, two
other types of integral membrane proteins have been reported
to concentrate at Tds, occludin (9), and JAM (10).

One of the interesting questions regarding the molecular
mechanism behind the morphogenesis of simple epithelial
cells, i.e. epithelial polarization, is how claudins are polymer-
ized exclusively at the most apical part of the junctional com-
plex, i.e. more apically than AJs. In this connection, various
scaffold proteins have been reported to be concentrated at the
cytoplasmic surfaces of the junctional complex regions to de-
termine the specialization and localization of junctions (5, 11,
12). At TJs, three closely related proteins called ZO-1, ZO-2,
and ZO-3 were identified to constitute the plaque structures
underlying plasma membranes (13, 14) together with various
proteins including cingulin, symplekin, Par-3-Par-6-atypical
protein kinase C complex, ZONAB, and guanine nucleotide
exchange factor-H1/Lfc (15-19).

Z0-1 with a molecular mass of ~220 kDa was first identified
as an antigen for a monoclonal antibody raised against a junc-
tion-enriched fraction from the liver (20). ZO-2 then was identi-
fied as a 160-kDa protein that was coimmunoprecipitated with
Z0O-1 from cell lysates (21). A phosphorylated 130-kDa protein
was also found in the ZO-1 immunoprecipitate (22) and is now
called ZO-3. The cloning and sequencing of ¢cDNAs encoding
these molecules showed that all have three PDZ domains (PDZ1—
3), one Src homology 3 domain, and one guanylate kinase-like
homologue domain in this order from their NH, termini, indicat-
ing that ZO-1, ZO-2, and ZO-3 are membrane-associated guany-
late kinase-like homologues (MAGUKS) (23-26).

Among these three MAGUKSs of Tds, ZO-1 is relatively well
characterized. In well polarized epithelial cells, ZO-1 is exclu-
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sively concentrated at Tds through its direct binding to clau-
dins (27), occludin (28, 29), and JAM (30, 31), whereas in
non-epithelial cells lacking TdJs such as fibroblasts and cardiac
muscle cells as well as in epithelial cells at the initial phase of
epithelial polarization, it is precisely colocalized with cadherins
through direct and/or indirect interaction with a-catenin, a
cadherin-associated protein (23). ZO-1 forms independent com-
plexes with ZO-2 and Z0O-3 (32) and binds to actin filaments at
its COOH-terminal half (29, 33). These findings suggested that,
together with ZO-2 (and ZO-3), ZO-1 plays a key role in the
establishment of not only TdJs but also AJs during epithelial
polarization. To date, intensive efforts have been made to clar-
ify the functions of ZO-1, for example, through exogenous ex-
pression of various deletion mutants of ZO-1 (29, 33, 34) but it
has been difficult to experimentally dissect the physiological
functions of ZO-1. Although there were no experimental data,
this difficulty was thought to be partly due to a possible func-
tional redundancy between ZO-1 and ZO-2 (and also ZO-3).

One of the most promising approaches to this problem would
be to suppress the expression of endogenous ZO-1 in epithelial
cells and to observe what happens in these cells. For this
purpose, we attempted to apply the technology of RNA inter-
ference (35) to cultured mouse epithelial cells but failed to
suppress the expression of ZO-1 completely. During the course
of such RNA interference experiments, we noted that, to exam-
ine the functions of constituents of junctions in detail, the
expression of each constituent should be “completely” and “sta-
bly” suppressed in cultured epithelial cells. In this study, we
report that ZO-1-deficient mutants of cultured mouse epithelial
cells were successfully generated by conventional homologous
recombination and characterized in detail from the viewpoint
of junction assembly. We believe that the gene knock-out at the
level of cultured epithelial cells is important for a better un-
derstanding of the molecular mechanisms behind the junction
formation and epithelial polarization.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—Mouse Eph4 epithelial cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum. Eph4 cells were a gift from Dr. E. Reichman (Institute Suisse de
Recherches, Lausanne, Switzerland) (36).

Mouse anti-ZO-1 mAb (T8-754) (23), rat anti-occludin mAb
(MOC37), rat anti-ZO-3 mAb (37), and anti-JAM pAb (31) were raised
and characterized previously. Rat anti-mouse E-cadherin mAb
(ECCD2), rabbit anti-PAR-3/ASIP pAb, and rabbit anti-afadin pAb
were provided by Dr. M. Takeichi (Center for Developmental Biology,
Kobe, Japan), Dr. S. Ohno (Yokohama City University, Yokohama,
Japan), and Dr. Y. Takai (Osaka University, Osaka, Japan), respec-
tively. Rabbit anti-claudin-3 pAb, rabbit anti-ZO-2 pAb, and anti-HA
mAD were purchased from Sigma, Santa Cruz Biotechnology, and Roche
Applied Science, respectively. Rat anti-cingulin mAbs were generated
using the GST fusion protein containing amino acids 216—-419 of mouse
cingulin as antigens.

Generation of ZO-1-deficient Eph4 Cells—A \-phage 129/Sv mouse
genomic library was screened using a mouse ZO-1 ¢cDNA fragment as a
probe. As shown in Fig. 1A, an 8.5-kb BstXI/NlalV fragment and a
1.7-kb Pvull fragment were ligated to the targeting vector cassette.
Gene targeting was performed twice to delete both alleles of the ZO-1
gene. The first and second targeting vectors contained a B-geo (B-
galactosidase/neomycin-resistance gene) and hygromycin-resistance
gene in the middle, respectively. For the first gene targeting, the tar-
geting vector was linearized at a unique Sacll site located at the 5’ end
of the 5'-homologous fragment and then the trypsinized/floated Eph4
cells (2.0 X 107) were electroporated with 100 ug of linearized targeting
vector DNA using a Gene Pulser (Bio-Rad). Cells were plated on six
10-cm dishes in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum for 48 h and selected by adding G418 at a final
concentration of 400 ug/ml. At day 1417 of culture, the G418-resistant
colonies were removed and screened by Southern blotting of EcoRI-
digested DNA with the 3’-external probe. Correctly targeted clones
were identified by a 8.6-kb band in addition to the 21-kb band of the
wild-type allele. For the second gene targeting, the targeting vector was
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linearized at a unique Xhol site located at the 3’ end of the 3'-homolo-
gous fragment, and electroporation was performed as described above.
Cells were cultured in the Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum for 48 h, and hygromycin and G418
were added at a final concentration of 300 pg/ml each. Colonies resist-
ant to both hygromycin and G418 were screened by Southern blotting of
EcoRI-digested DNA with the 3'-external probe, and correctly targeted
clones were identified by a 9.0-kb band in addition to the 8.6-kb band of
the first allele targeted.

Immunofluorescence Microscopy—Cells were cultured on Transwell
filters 12 mm in diameter for 2 days. For ZO-1, ZO-2, Par-3, claudin-3,
occludin, and E-cadherin staining, cells were fixed with 10% trichloro-
acetic acid for 30 min on ice (38). For afadin staining, cells were fixed
with 2% paraformaldehyde in PBS for 10 min at room temperature.
These cells were washed with PBS and then treated with 0.2% Triton
X-100 in PBS for 10 min. For ZO-3, cingulin, and JAM staining, cells
were fixed with 100% methanol for 3 min at —20 °C. After a wash with
PBS, cells were soaked in 1% bovine serum albumin in PBS and incu-
bated with the respective primary antibody for 1 h. Cells then were
washed with PBS extensively and incubated with Alexa 488-conjugated
(Molecular Probes) or Cy3-conjugated secondary antibody for 30 min
(Jackson ImmunoResearch). They were washed with PBS and mounted
in ProLong Antifader (Molecular Probes).

Ca®" Switch—Cells were plated at 5 X 10* cells/well on Transwell
filters 12 mm in diameter (Corning) and grown in the Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal calf serum for 48 h.
They were then washed twice with PBS and cultured overnight in a low
Ca®" medium; S-MEM, calcium-free minimum Eagle’s medium supple-
mented with 5 um CaCl, and 10% fetal calf serum that had been
pretreated with Chelex resin (Bio-Rad). For the Ca®* switch, the low
Ca?" medium in both the upper and lower chambers was replaced with
the normal Ca®>" medium (minimum Eagle’s medium with 1.8 um CaCl,
and 10% fetal calf serum).

Measurement of Transepithelial Electric Resistance (TER) and Para-
cellular Tracer Flux—Aliquots of 5 X 10* cells were plated on Transwell
filters 12 mm in diameter (8 filters for each cell line), and the culture
medium was exchanged every day. After a 6-day culture, TER was
measured directly in culture media using a Millicell-ERS epithelial
voltohmmeter (Millipore). The TER values were calculated by subtract-
ing the background TER of blank filters and by multiplying by the
surface area of the filter.

For paracellular tracer flux assay, at 2, 6, 12, 24, 36, and 48 h after
the Ca?* switch, FITC-dextran with a molecular mass of 40 kDa was
added to the medium in the apical compartment at a concentration of 2
mg/ml. After a 2-h incubation at each time point, a 100-ul aliquot of the
medium was collected from the basal compartment and the paracellular
tracer flux was measured as the amount of FITC-dextran in the me-
dium with a fluorometer (P,). The paracellular tracer flux at time 0 was
measured without a Ca®>" switch in the low Ca®*" medium (P,). “Perme-
ability” was determined as the P/P, ratio.

Cell Aggregation Assay—Cells were plated on Transwell filters 24
mm in diameter (Corning) and grown overnight in the low Ca®" me-
dium. When incubated with Hepes-buffered saline (25 mm Hepes-
NaOH, pH 7.2, 137 mm NaCl, 5 mm KCI, 0.7 mMm Na,HPO,, and 6 mm
dextrose) containing 5 mm EDTA at 37 °C for 30 min, most of the cells
had detached from the filter as single cells. They then were centrifuged
and resuspended in L-15 medium (normal Ca®* concentration) (Invitro-
gen) supplemented with 10% fetal calf serum at a density of 1.5x10°
cells/ml. Aliquots (0.5 ml) of this suspension were placed in 12-well
non-tissue culture plates (FALCON). After 15-, 45-, 90-, or 180-min
shaking on a gyratory shaker at 80 rpm to allow cell aggregation, the
aggregates were enumerated with a hemocytometer. The extent of cell
aggregation was represented by the index N,/N,, where N, and N, are
the total numbers of aggregates and cells per dish, respectively.

Immunoblotting and Quantitative Analysis of the ZO-1/ZO-2 Expres-
ston Levels—The Sacll fragment of ZO-1 ¢cDNA (7-143 amino acids) and
the EcoRV fragment of ZO-2 ¢cDNA (385-577 amino acids) were sub-
cloned into the pGEX4T-1 and pGEX 4T-2 expression vectors, respec-
tively. GST fusion proteins were expressed in Escherichia coli and
purified using glutathione-Sepharose 4B beads (Amersham Bio-
sciences) as previously described (28). The concentration of the GST
fusion protein in each eluate was determined with a protein assay
reagent (Bio-Rad) using bovine y-globulin as a standard.

An appropriate amount of whole cell lysate and various amounts of
GST-fused ZO-1 or ZO-2 were separated by SDS-PAGE on the same gel
and immunoblotted with anti-ZO-1 mAb or anti-ZO-2 pAb, respectively,
as described previously (28). We then compared the intensity of immu-
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Fic. 1. Generation of ZO-1-deficient Eph4 cells. A, restriction maps of the wild-type allele, the first and second targeting vectors, and the
targeted allele of the mouse ZO-1 gene. Putative exons 2—4 encoded most of the PDZ1 domain. The first and second targeting vectors contained
a B-geo (B-galactosidase/neomycin-resistance gene) and hygromycin-resistance gene in the middle, respectively, to delete almost all of exon 3. The
position of the 3’ probe for Southern blotting is indicated by bars. EI, EcoRI; Bs, BstXI; Pv, Pvull; N1, N1alV. B, genotype analyses by Southern
blotting of EcoRI-digested genomic DNA from wild-type (+/+), heterozygous (+/—; clones A and B), and homozygous (—/—; clones 13, 18, and 39)
Eph4 cells. Southern blotting with the 3" probe yielded a 21-kb band from the wild-type allele, a 8.6-kb band from the first targeted allele, and a
9.0-kb band from the second targeted allele (A). The 8.6- and 9.0-kb bands were not resolved into two bands. C, Western blotting of wild-type cell
(+/+), ZO-1+/— cells (clones A and B), ZO-1—/— cells (clones 13, 18, and 39), ZO-1—/— cells exogenously expressing ZO-1 (+Z0O-1 cDNA), and
Z0-1—/— cells exogenously expressing HA-tagged ZO-2 (+Z0O-2 cDNA). The whole cell lysates were immunoblotted with anti-ZO-1 mAb, anti-ZO-2
pAb, anti-occludin mAb, and anti-claudin-3 pAb. In ZO-1+/+ and ZO-1+/— cells, ZO-1 was detected as two bands, which corresponded to a(+) and
a(—) isotypes. ZO-1—/— cells expressing the exogenous a(—) isotype of ZO-1 produced only one band.

noblotted bands of ZO-1 or ZO-2 in cell lysates with that of GST fusion
proteins using Adobe Photoshop 7.0 histograms.

RESULTS

Homozygous Disruption of the ZO-1 Gene in Cultured Eph4
Epithelial Cells—To explore the function of ZO-1 in epithelial
cells, we attempted to homozygously disrupt the ZO-1 gene in
cultured epithelial cells. In an attempt to share the same
targeting vectors for the gene knock-out analyses between
the cultured cell and whole body levels in mice, we searched
for appropriate “mouse” epithelial cell lines for gene target-
ing. Based on the stability of the well polarized epithelial
morphology as well as the growth rate, we eventually chose
the Eph4 cell line originally established from mouse mam-
mary glands (36).

The genomic structure of the mouse ZO-1 gene was par-
tially clarified as shown in Fig. 1A. Putative exons 2—4 en-

coded most of the PDZ1 domain. Two targeting vectors were
constructed with the expectation that homologous recombi-
nation between the vectors and the ZO-1 gene would result in
a deletion of almost all (125 bp) of exon 3 (Fig. 1A). In the first
targeting and screening, the wild-type ZO-1 allele displayed a
21-kb band on Southern blotting of EcoRI-digested DNA with
the 3’ probe, whereas the disrupted locus showed an 8.6-kb
band (Fig. 1B). Of the 96 G418-resistant clones examined, 5
independent clones had undergone a single homologous re-
combination event.

Two of these five clones (Fig. 1B, clones A and B) then were
expanded and subjected to the second targeting. When the
wild-type allele was targeted by the second vector, Southern
blotting of EcoRI-digested DNA with the 3’ probe was expected
to generate a 9.0-kb band (Fig. 1A4). As shown in Fig. 1B, 1 of 68
hygromycin-resistant clones derived from clone A (clone 13)
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Fic. 2. Morphology of ZO-1+/+ and ZO-1—/— Eph4 cells cultured under highly confluent conditions. a and a’, phase-contrast
microscopy. ZO-1+/+ and ZO-1—/— cells showed a cobble stone-like appearance. b and ' and ¢ and ¢’, ultrathin-section electron microscopy. Both
ZO-1+/+ and ZO-1—/— cells were highly polarized. They bore short microvilli on their apical surface (arrows, b and b’) and a well organized
junctional complex in the most apical region of lateral membranes (¢ and ¢’). In Eph4 cells, TJs were not clearly segregated from Ads (TJ+AJ).
DS, desmosome. d and d’, freeze-fracture replica electron microscopy. Tds of ZO-1+/+ cells were characterized by a well developed network of
P-face-associated TdJ strands (arrowheads), and ZO-1 deficiency did not alter these characteristics. Electron microscopy was performed as described
previously (49). Bars, 20 um (¢ and a’); 4 pm (b and &’); 300 nm (¢ and ¢’); and 300 nm (d and d').

and two of 97 hygromycin-resistant clones derived from clone B
(clone 18 and 39) lacked the wild-type 21-kb band and instead
showed ~9-kb thick bands in which the 8.6- and 9.0-kb bands
might not be resolved. Correct targeting in clones A/B/13/18/39
was confirmed by Southern blotting with a 5’ probe, and tar-
geted clones were also checked for single integration by hybrid-
ization with a B-galactosidase or hygromycin resistance gene
probe (data not shown).

We next confirmed the loss of ZO-1 expression in clones 13,
18, and 39 at the protein level. We performed immunoblotting
analyses using an anti-ZO-1 mAb that recognizes both the a(+)
and a(—) isotypes of ZO-1. As shown in Fig. 1C, both isotypes
were detected in the wild-type as well as two ZO-1+/— clones
(clones A and B), but in clones 13, 18, and 39, no trace of either
Z0-1 isotype was detectable, even when their cell lysates were
overloaded.

Furthermore, we introduced ¢cDNA encoding the a(—) iso-
type of ZO-1 or HA-tagged ZO-2 into clones 13, 18, and 39 and
obtained stable transfectants. Their expression was con-
firmed by immunoblotting (Fig. 1C). Because clones 13, 18,
and 39 showed the same phenotype as far as was examined,
the data obtained from clone 18 (and the clone 18 transfec-
tant expressing exogenous Z0O-1 and HA-ZO-2) are mostly
represented below.

Morphology, Growth, and Motility of ZO-1-deficient Eph4
Cells—We cultured ZO-1-deficient Eph4 cells (ZO-1—/— cells;
clone 18) on a coverslip under confluent conditions. Phase-
contrast microscopy revealed that these cells appeared to com-

pletely retain the epithelial morphology. They showed a typical
cobble stonelike appearance (Fig. 2, @ and a’). No significant
difference was discerned between wild-type (ZO-1+/+) and
Z0-1—/— Eph4 cells in the size of individual cells and the
appearance of the cell-cell contacts. Also at the ultrathin-sec-
tion electron microscopic level, ZO-1—/— cells were indistin-
guishable from ZO-1+/+ cells. They appeared to be well polar-
ized with apical membranes bearing characteristic short
microvilli (Fig. 2, b and b'). In good agreement, preliminary
observations indicated that immunofluorescence staining pat-
terns with “apical” markers did not appear to change between
ZO0-1+/+ and ZO-1—/- cells (data not shown). The appearance
of the junctional complex did not appear to be altered by the
deficiency of ZO-1, although it was difficult to clearly distin-
guish Tds from AdJs both in ZO-1+/+ and in ZO-1—/— cells
using ultrathin sectional images (Fig. 2, ¢ and ¢'). We then
compared the morphology of Tds of ZO-1—/— cells and ZO-
1+/+ cells by freeze-fracture replica electron microscopy. As
shown in Fig. 2d, the TJs of ZO-1+/+ cells were characterized
by a well developed network of “P-face-associated” intramem-
branous particle strands and the lack of ZO-1 did not alter
these characteristics (Fig. 2, d and d’).

We next compared the growth rate and motility of ZO-1—/—
cells with those of ZO-1+/+ cells. As shown in Fig. 3A, simple
cell counting revealed that ZO-1—/— cells had the same growth
curve as ZO-1+/+ cells. Furthermore, the wound-healing assay
with the confluent cultures showed that ZO-1—/— cells moved
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Fic. 3. Growth and motility of ZO-1—/— Eph4 cells. A, cell growth curve. ZO-1+/+ and ZO-1—/— cells were plated on Transwell filters 12
mm in diameter at 5 X 10* cells/well. At 1, 2, 3, 4, 5, and 7 days, cells were dissociated into single cells by treatment with 0.25% trypsin at 37 °C
for 10 min. Cell growth was measured by making duplicate counts of these cells with a hemocytometer. Note that ZO-1+/+ and ZO-1—/— cells grew
with the same time course. B, wound healing assay. Confluent cultures of well polarized ZO-1+/+ and ZO-1—/— cells (1 X 10° cells/dish) were
manually scratched with a pipette tip. The linear regions were allowed to heal for 12 h and were observed by phase-contrast microscopy. ZO-1+/+
and ZO—/— cells moved toward the wounded region at the same rate. Bar, 50 um.

toward the wounded region as quickly as ZO-I+/+ cells
(Fig. 3B).

Molecular Assembly of Teds in ZO-1-deficient Eph4 Cells—In
confluent cultures, ZO-1—/— cells were well polarized and
formed the TdJs of normal appearance. We then examined the
molecular assembly of Tds in these cells by immunofluores-
cence microscopy. As controls, we used ZO-1+/+ and ZO-1—/—
cells (clone 18) exogenously expressing the a(—) isotype of ZO-1
(ZO-1—/—/+ cells). First, cells were cultured on Transwell fil-
ters under highly confluent conditions (2-3 X 10° cells/cm?)
and immunofluorescently stained with antibodies specific for
the components of the plaque structures of TdJs (Fig. 4A). Of
course, ZO-1 was undetectable at Tds of ZO-1—/— cells and the
concentration of ZO-1 at Tds in ZO-1—/—/+ cells appeared to be
comparable with that in ZO-1+/+ cells. Interestingly, the ZO-2
signal was significantly increased at TJs in ZO-1—/— cells as
compared with ZO-1+/+ cells and this increase of the Z0O-2
signal at TJs was suppressed to the ZO-1+/+ cell level by
exogenous expression of ZO-1. ZO-3 was undetectable in paren-
tal ZO-1+/+ cells by immunofluorescence microscopy, which
was consistent with our previous study (37). ZO-3 did not
become detectable in ZO-1—/— cells. Among non-MAGUK com-
ponents of the TJ plaque structure, cingulin was clearly af-
fected in its distribution in ZO-1—/— cells. Cingulin became
undetectable from Tds in ZO-1—/— cells but was clearly recov-
ered at Tds in ZO-1—/—/+ cells. In ZO-1—/- cells, no signifi-
cant changes were observed in the subcellular distribution of
other TJ plaque components such as Par-3 (Fig. 4A) and Par-6
(data not shown), for example.

We next examined the behavior of TJ integral membrane
proteins, claudins, occludin, and JAM, in ZO-1—/— cells (Fig.
4B). At least four distinct species of claudins, claudin-1, -3, -4,
and -7, were expressed in parental ZO-1+/+ cells. As these four
claudins behaved in the same way in all of the experiments and
as the combination of expressed claudins did not appear to be
changed by ZO-1 deficiency, the behavior of claudin-3 is pre-
sented as being representative in this study. Under highly
confluent conditions, claudin-3, occludin, and JAM were clearly
concentrated at Tds in ZO-1—/— cells, showing no significant
differences in the distribution and concentration at TJs as
compared with ZO-1+/+ and ZO-1—/—/+ cells. In ZO-1—/—
cells, the distribution of AJ-related proteins such as E-cadherin
and afadin also appeared to be normal (Fig. 4B) and the orga-
nization of phalloidin-positive actin-based cytoskeletons did
not appear to be affected (Fig. 40C).

In terms of the molecular architecture of Tds and AdJs, clear
alterations were detected in ZO-2 and cingulin was detected in
Z0-1—/— cells. We then compared the behavior of ZO-2 more
precisely among various Eph4 clones by the method of mixed

culture. ZO-1+/+ cells were mixed and cocultured with ZO-
1—/— cells and then subjected to double immunofluorescence
staining with anti-ZO-1 mAb and anti-ZO-2 pAb (Fig. 5a). As
described above, the ZO-2 signal from TdJs became more intense
in ZO-1—/— cells than in ZO-1+/+ cells. Interestingly, in
Z0-1—/— cells, the ZO-2 signal from the cytoplasm was signif-
icantly decreased as compared with ZO-1+/+ cells. These find-
ings suggested that the ZO-1 deficiency biased the distribution
of ZO-2 from the cytoplasm to TJs in ZO-1—/— cells. The mixed
culture of ZO-1—/— and ZO-1—/—/+ cells revealed that this
TJ-biased localization of ZO-2 was abolished with the exoge-
nous expression of ZO-1 (Fig. 5b).

We next undertook a detailed examination of the behavior of
cingulin. As noted above, cingulin disappeared from TJs in
Z0O-1—/— cells and the phenotype was completely rescued by
exogenous expression of ZO-1 (see Fig. 4A). Interestingly, this
rescue was not achieved by the exogenous overexpression of
HA-ZO0-2, indicating that, in terms of the recruitment of cingu-
lin to Tds, ZO-2 was not functionally redundant for ZO-1 (Fig.
6A). These findings were confirmed using two independent
anti-cingulin mAbs. Northern and Western blotting revealed
that, in ZO-1—/— cells, either the expression level of mRNA or
of protein of cingulin was not down-regulated, indicating that
the ZO-1 deficiency simply affected the recruitment of cingulin
to Tds (Fig. 6, B and C).

Formation of Tight and Adherens Junctions in ZO-1-defi-
cient Eph4 Cells—We next compared the process of junction
formation, i.e. epithelial polarization among ZO-1+/+, ZO-
1-/—, and ZO-1—/—/+ cells. For this purpose, the cells were
cultured in a low Ca%" medium containing 5 um Ca2?" over-
night under confluent conditions and then their polarization
was initiated by transferring them to a normal Ca?* medium.
The degree of TJ formation first was evaluated by immuno-
fluorescence staining with anti-claudin-3 pAb or anti-occlu-
din mAb. As shown in Fig. 7, ZO-1+/+ cells began to form
continuous claudin-3/occludin-positive Tds at 2 h and ap-
peared to have mostly completed the process at 4 h after
being transferred to the normal Ca%?* medium. By contrast, in
the ZO-1—/— cell sheets, even after a 10-h incubation in the
normal Ca?" medium, the claudin-3/occludin-positive TJs
were still fragmentary. This discontinuity of Tds in ZO-1—/-
cells was decreased by further culture in the normal CaZ*
medium nearly down to the ZO-1+/+ cell level. This ZO-1
deficiency-induced retardation of TJ formation was com-
pletely rescued by exogenous expression of ZO-1 (see —/— +
ZO0-1 ¢cDNA in Fig. 7). Interestingly, when the TJ formation
was evaluated by immunostaining with anti-ZO-2 pAb, at 2 h
after the Ca%" switch, endogenous ZO-2 was concentrated
rather weakly along continuous TdJs in ZO-1+/+ cells,
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Fic. 4. Molecular assembly of junc-
tions in ZO-1/— Eph4 cells. ZO-1+/+
cells (+/+), ZO-1—/— cells (—/—), and ZO-
1—/— cells exogenously expressing the
a(—) isotype of ZO-1 (—/— + ZO-1 ¢cDNA)
were cultured on Transwell filters under
highly confluent conditions and immun-
ofluorescently stained with antibodies
specific for the components of the plaque
structures of Tds (A), TJ integral mem-
brane proteins, claudin-3, occludin and
JAM (B), the constituents of AJs, E-cad-
herin and afadin (B), or actin filaments
(rhodamine-conjugated phalloidin) (C).
ZO-1 deficiency was confirmed in ZO-
1—/— cells. ZO-2 appeared to be accumu-
lated at TJs in ZO-1—/— cells, and this
increase was abolished with the expres-
sion of exogenous ZO-1. ZO-3 was unde-
tectable in all of these cells (inset, ZO-3
staining in another type of cultured
mouse epithelial cell, MTD-1A). Cingulin
disappeared from TdJs in ZO-1—/— cells
and was recovered to the wild-type level
on exogenous expression of ZO-1. The dis-
tribution of other components of TJs and
AJs as well as actin filaments did not
appear to be affected by the ZO-1 defi-
ciency. In C, images were acquired from
cells double-stained with rhodamine-con-
jugated phalloidin (red) and anti-ZO-2
pAb (green) by confocal microscopy,
and their cross-sectional images (lower
panels) were computer-generated. Bar,
10 pm.

whereas in Z0O-1—/— cells, ZO-2 signals from junctions were
very intense but fragmentary, showing a pattern similar to
that of claudin-3/occludin staining.

The process of TJ formation was then quantitatively evalu-
ated. First, we compared the TER values among ZO-1+/+,
Z0-1—-/—, and ZO-1—/—/+ cells under highly confluent condi-
tions. As shown in Fig. 84, there was no significant difference
detected in these values. However, Eph4 cells exhibited fairly
low TER values (100-200 ohms cm?), which were much lower
than MDCK-I cells (~10,000 ohms cm?), and these TER values
varied widely depending on culture conditions. Therefore, it
was difficult to evaluate the process of TJ formation after the
Ca?" switch by measuring TER values. Instead, we performed
the paracellular tracer flux assay. ZO-1+/+, ZO-1—/—, or ZO-
1—/—/+ cells were cultured on Transwell filters in the low Ca2"
medium at a confluent density, and then epithelial polarization
was initiated by changing the medium in both the apical and
basal compartments from a low to normal Ca®" concentration.
At 2, 6, 12, 24, 36, and 48 h after the Ca2?" switch, FITC-
dextran with a molecular mass of 40 kDa then was added to the
medium in the apical compartment. After a 2-h incubation at
each time point, the medium in the basal compartment was
collected and the paracellular tracer flux was determined as

Z0-1

claudin-3

Z0O-1-deficient Epithelial Cells

Z0-2

the amount of FITC-dextran in the medium measured with
a fluorometer. As shown in Fig. 8A, after the Ca?" switch,
the establishment of paracellular sealing was significantly de-
layed in ZO-1—/— cell sheets as compared with ZO-1+/+ and
Z0-1—/—/+ cell sheets; however, interestingly, at around 48 h
of incubation in the normal Ca®* medium, the paracellular
tracer flux of ZO-1—/— cell sheets reached almost the same

level as that of ZO-1+/+ and ZO-1—/—/+ cell sheets.

The next question is whether this retardation of TJ forma-
tion in ZO-1—/— cells can be rescued by exogenous overexpres-
sion of ZO-2. In terms of the paracellular flux, exogenous over-
expression of ZO-2 did not rescue the ZO-1 deficiency (Fig. 8A).
The process by which Tds form in ZO-1—/— cells exogenously
expressing HA-ZO-2 then was compared with that in ZO-1—/—
and ZO-1—/—/+ cells by immunofluorescence microscopy. As
shown in Fig. 8B, exogenous ZO-1 expression clearly promoted
the process of TJ formation, i.e. recruitment of occludin and
claudin-3 to cell-cell borders, in ZO-1—/— cells up to the normal
level, whereas exogenous ZO-2 expression had no effect, indi-
cating that, in the promotion of TJ formation, ZO-2 was not
functionally redundant.

Finally, using the same Ca?* switch method, the degree of
AJ formation was evaluated by immunofluorescence staining
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Fic. 5. Effects of ZO-1 deficiency on ZO-2. a, ZO-1+/+ cells were
mixed and cocultured with ZO-1—/— cells and double stained with
anti-ZO-1 mAb and anti-ZO-2 pAb. In ZO-1+/+ cells, significant
amounts of ZO-2 were detected in the cytoplasm in addition to relatively
weak ZO-2 staining at Tds, whereas in ZO-1—/- cells, ZO-2 appeared to
be recruited from the cytoplasm to TdJs, resulting in a decrease and
increase in the amount of ZO-2 in the cytoplasm and TdJs, respectively.
b, the mixed culture of ZO-1—/— cells and ZO-1—/— cells expressing
Z0-1 (ZO-1—/— + ZO-1 cDNA) revealed that the exogenous expression
of ZO-1 recovered the distribution of ZO-2 in the cytoplasm. Bars,
10 pm.

with anti-E-cadherin pAb (Fig. 9A). In contrast to TJ forma-
tion, AJ formation, i.e. the linear concentration of E-cadherin at
cell-cell borders, did not appear to be affected by ZO-1 defi-
ciency. Just after the Ca?" switch, in ZO-1—/— cells, E-cad-
herin was quickly recruited to cell-cell contacts over a similar
time course to ZO-1+/+ and ZO-1—/—/+ cells. Consistently,
the cell aggregation assay quantitatively revealed that E-cad-
herin-based cell-cell adhesion activity was not affected by ZO-1
deficiency and that the activation of E-cadherin was induced
with a normal time course in ZO-1—/— cells by the Ca?" switch
(Fig. 9B).

Expression Levels of ZO-1 and ZO-2 in Various Eph4
Clones—To interpret the present data precisely, the expression
levels of ZO-1 and ZO-2 were examined in detail at both the
mRNA and protein levels. Northern blotting revealed that, in
Z0-1—/— cells (clones 13 and 18), the expression of ZO-2 mRNA
was not up-regulated compared with that in parental ZO-1+/+
cells (Fig. 10A). In good agreement with the immunofluores-
cence observation (see Fig. 4A), Z0O-3 was undetectable or de-
tected only in a trace amount by Northern blotting not only in
ZO-1+/+ cells but also in ZO-1—/— cells (data not shown),
indicating that, in this Eph4 cell system, there is no need to
take Z0O-3 into consideration when discussing the possible func-
tional redundancy among TJ MAGUKs.

We then quantitatively examined the expression levels of
Z0O-1 and ZO-2 in four distinct Eph4 clones: ZO-1+/+ cells;
Z0O-1—/— cells (clone 18); ZO-1—/—/+ cells; and ZO-1—/— cells
expressing HA-ZO-2 (Fig. 10B and Table I). For this purpose,
we first produced GST fusion proteins with a part of ZO-1 and
Z0-2 in E. coli (see details in “Experimental Procedures”) and
purified them. We then compared the intensity of immuno-
blotted ZO-1 and ZO-2 in cell lysates with that of immuno-
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Fic. 6. Effects of ZO-1 deficiency on cingulin. A, ZO-1+/+ cells
(+/+), ZO-1—/— cells (—/—), and ZO-1—/— cells exogenously express-
ing HA-ZO-2 (—/— + Z0O-2 ¢DNA) were cultured on Transwell filters
under highly confluent conditions and then immunofluorescently triple-
stained with mouse anti-ZO-1 mAb, rat anti-cingulin mAb, and rabbit
anti-Z0O-2 pAb. At Tds of ZO-1—/— cells, cingulin disappeared, whereas
the ZO-2 signal was increased. When HA-ZO-2 was overexpressed in
Z0O-1—/— cells, cingulin was still undetectable at TJs. Bar, 10 um. B,
Northern blotting. Total RNA was isolated from cells according to the
TRIzol method (Invitrogen) and hybridized with digoxigenin-labeled
DNA probes. In ZO-1—/— cells (=/— clones 13 and 18), the mRNA
expression of cingulin (arrowhead) was not down-regulated as com-
pared with ZO-1+/+ cells (+/+). B, Western blot analysis of the whole
cell lysate of ZO-1+/+ (+/+) and ZO-1—/— cells (—/ — clones 13 and 18)
with anti-cingulin mAb. An equal amount of cell lysate was applied in
each lane. Note that there is no significant difference in the amount of
cingulin (arrowhead) between ZO-1+/+ and ZO-1—/— cells.

blotted bands of various amounts of purified respective GST
fusion proteins. In parental ZO-1+/+ cells, endogenous ZO-1
and ZO-2 concentrations were determined, respectively, to be
13.0 = 1.0 and 8.2 * 0.1 nmol/1 g total protein (mean *= S.E.).
In ZO-1—/- cells, the amount of ZO-2 was not increased (9.4 =
0.7 nmol/g), and in ZO-1—/—/+ cells, ZO-1 was overexpressed
to some extent at 34.5 = 4.5 nmol/g. Importantly, in ZO-1—/—
cells expressing HA-ZO-2, the total amount of endogenous ZO-2
and HA-ZO-2 was estimated to be 19.8 = 0.7 nmol/g, which was
comparable with the total amount of endogenous ZO-1 and
Z0-2 in ZO-1+/+ cells (~21 nmol/g) (Table I).

DISCUSSION

During the formation of junctions in simple epithelial cells,
Z0-1 behaves in a very peculiar way. In the initial phase of the
process, ZO-1 is colocalized with cadherins (and nectins) in
primordial spotlike AdJs at the tips of cellular protrusions (39—
41). These ZO-1-positive spotlike AJs gradually fuse to form
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Fic. 7. Retardation of the recruitment of claudin-3, occludin
and ZO-2 to junctional areas in Z0O-1-/- cells during epithelial
polarization. ZO-1+/+ cells (+/+), ZO-1—/- cells (=/—), and ZO-
1—/— cells exogenously expressing ZO-1 (—/— + ZO-1 ¢cDNA) were
cultured in the low Ca?" medium containing 5 um Ca®* overnight under
confluent conditions, and then their polarization was initiated by trans-
ferring them to a normal Ca®?* medium. At a 0-, 2-, 4-, 10-, or 12-h
incubation, cells were immunofluorescently stained with anti-claudin-3
pAb, anti-occludin mAb, or anti-ZO-2 pAb. The recruitment of clau-
din-3, occludin, and ZO-2 was significantly retarded in ZO-1—/— cells as
compared with ZO-1+/+ cells, and this retardation was canceled by the
exogenous expression of ZO-1. Bars, 10 um.

beltlike junctions, at which time claudins/occludin begin to be
recruited to these junctional areas to be polymerized as TJ
strands (42). Interestingly, when TdJs are finally segregated
from AdJs in well polarized epithelial cells, ZO-1 is completely
excluded from AJs to be concentrated specifically at Tds (20,
23). These observations have led us to speculate that ZO-1
plays a crucial role in the formation of AJs and/or Tds as well
as the epithelial polarization. Therefore, it was a big surprise to
us when we found that, under confluent conditions, Eph4 cells
specifically lacking the expression of ZO-1 (ZO-1—/— cells)
were highly polarized with well organized junctional complexes
even at the ultrathin and freeze-fracture replica electron mi-
croscopic levels. Furthermore, taking previous studies on ZO-1
into consideration (14, 17, 19), it was also unexpected that
Z0O-1—/— cells did not show any significant abnormality in
their growth and motility.

However, close analyses revealed that ZO-1—/— cells showed
three characteristic features distinct from parental Eph4 cells
(ZO-1+/+ cells). First, immunofluorescent labeling of ZO-2 was
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Fic. 8. Retardation of TJ formation in ZO-1—/— cells during
epithelial polarization. A, TER measurements (left) and paracellular
tracer flux assay (right). When the TER values were compared among
ZO-1+/+, ZO-1—/—, and ZO-1—/—/+ cells under highly confluent con-
ditions (see “Experimental Procedures”), there was no significant dif-
ference detected. However, Eph4 cells exhibited fairly low TER values
(100-200 ohm cm?) and these TER values varied widely depending on
culture conditions. Therefore, it was difficult to evaluate the process of
TJ formation after the Ca®?* switch by measuring TER values. Instead,
we performed the paracellular tracer flux assay. ZO-1+/+ cells, two
clones of ZO-1—/— cells (clones 13 and 18), ZO-1—/— cells exogenously
expressing ZO-1 (—/— + ZO-1 ¢cDNA) and ZO-1—/— cells exogenously
expressing HA-tagged ZO-2 (—/— + ZO-2 ¢cDNA) were cultured on
Transwell filters in a low Ca?" medium containing 5 um Ca®* overnight
under confluent conditions, and then epithelial polarization was initi-
ated by changing both the apical and basal compartment media from
the low to normal Ca®" concentrations. At 2, 6, 12, 24, 36, and 48 h after
the Ca®* switch, FITC-dextran with a molecular mass of 40 kDa was
added to the apical compartment. After a 2-h incubation at each time
point, the medium in the basal compartment was collected and the
paracellular tracer flux was measured as the amount of FITC-dextran
in the medium with a fluorometer (P,). The paracellular tracer flux at
time 0 was measured without a Ca®" switch in the low Ca®" medium
(P,). Permeability was determined as the P,/P, ratio. Note that the
establishment of a TJ barrier was clearly retarded in ZO-1—/— cells and
that this retardation was canceled by the exogenous expression of ZO-1.
B, effects of overexpression of HA-ZO-2 on the retardation of TJ forma-
tion. The recruitment of occludin (and claudin-3) to junctional areas in
Z0O-1—/— cells expressing HA-tagged ZO-2 (—/— + HA-ZO-2 ¢cDNA)
was compared with that in ZO-1—/— cells and ZO-1—/— cells exog-
enously expressing ZO-1 (—/— + ZO-1 ¢cDNA). Exogenous Z0O-2 did not
compensate for the ZO-1 deficiency in terms of TJ formation. Bar,
10 pm.

markedly increased at TJs of ZO-1—/— cells. In ZO-1—/— cells,
mRNA or protein expression of ZO-2 was not up-regulated and
coculture experiments clearly revealed that the ZO-2 signal
from the cytoplasm was significantly decreased in ZO-1—/—
cells. Therefore, we concluded that the ZO-1 deficiency biased
the distribution of ZO-2 from cytoplasm to TdJs, not simply
exploring more binding sites for anti-ZO-2 pAb at TdJs. This
finding clearly showed that ZO-2 can target to Tds without
forming a complex with ZO-1 (32). It has been thought that the
cytoplasmic surface of individual TJ strands (claudin polymers)
appears as a toothbrush consisting of numerous short and
densely packed COOH-terminal cytoplasmic tails of claudins,
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Fic. 9. AJ formation in ZO-1—/- cells during epithelial polar-
ization. A, recruitment of E-cadherin to cell-cell contact sites. ZO-1+/+
cells (+/+), ZO-1—/— cells (=/—), and ZO-1—/— cells exogenously
expressing ZO-1 (—/— + ZO-1 ¢cDNA) were cultured in a low Ca®"
medium containing 5 uM Ca®" overnight under confluent conditions,
and then their polarization was initiated by transferring them to a
normal Ca?" medium. At a 0-, 2-, 4-, 10-, or 12-h incubation, cells were
immunofluorescently stained with anti-E-cadherin pAb. The recruit-
ment of E-cadherin appeared to be normal in ZO-1—/— cells. E-cadherin
has already concentrated at AJs continuously in a linear fashion at 2 h
after the Ca?* switch. Bar, 10 um. B, cell aggregation assay. ZO-1+/+
cells (+/+), ZO-1—/— cells (—=/—; clone 18), and ZO-1—/— cells exog-
enously expressing ZO-1 (—/— + ZO-1 ¢cDNA) were dissociated into
single cells in a low Ca?" medium containing 5 um Ca®" (see “Experi-
mental Procedures”) and were transferred to a normal Ca®>" medium.
After a 15-, 45-, 90-, or 180-min shaking on a gyratory shaker at 80 rpm
to allow cell aggregation, the aggregates were enumerated with a he-
mocytometer. The extent of cell aggregation was represented by the
index N/N,, where N, and N, are the total numbers of aggregates and
cells per dish, respectively. Note that ZO-1 deficiency did not affect the
cadherin-based cell aggregation activity.

which can directly bind to PDZ domains, and that TJ strands
strongly attract various PDZ domain-containing proteins such
as Z0-1 and ZO-2 (5). In ZO-1—/— cells, a ZO-1 deficiency may
leave more space for ZO-2 on the cytoplasmic surface of TdJ
strands to be recruited from the cytoplasm.

The second characteristic alteration observed in ZO-1—/—
cells was that cingulin became undetectable at TJs. This was
confirmed by the use of two distinct anti-cingulin mAbs. Cin-
gulin has been identified and examined as a component of the
TdJ plaque structure (15, 43), but knowledge of its physiological
functions is still fragmentary. In ZO-1—/— cells, the mRNA or
protein level of cingulin did not appear to be down-regulated,
indicating that ZO-1 is indispensable for cingulin to be re-
cruited to Tds. This finding is consistent with previous reports
that cingulin directly binds to ZO-1 in vitro (44, 45) but appears
to be contradictory to a report that cingulin lacking its “ZO-1
binding motif” still targets to TJs (45), although it is likely that
there is another ZO-1-binding domain on cingulin or that there
is another indirect molecular linkage between cingulin and
Z0O-1 via some protein. ZO-2 was also reported to associate
directly with cingulin in vitro (44), but our present findings
favor the notion that ZO-2 does not recruit cingulin to TdJs
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Fic. 10. Expression levels of ZO-1 and Z0O-2. A, Northern blotting.
Total RNA was isolated from cells according to the TRIzol method and
hybridized with digoxigenin-labeled DNA probes. In ZO-1—/— cells
(clones 13 and 18), the mRNA expression of ZO-2 was not up-regulated
as compared with ZO-1+/+ cells. B, quantitative analyses by Western
blotting of ZO-1+/+ cells (+/+), ZO-1—/— cells (clone 18) (—/-), ZO-
1—/— cells expressing exogenous ZO-1 (=/— + ZO-1 ¢cDNA), and ZO-
1—/— cells expressing HA-ZO-2 (—/— + HA-ZO-2 ¢DNA). GST fusion
proteins with a part of ZO-1 and ZO-2 were produced in E. coli and
purified. The intensity of immunoblotted ZO-1 and ZO-2 in whole cell
lysates (upper and lower panels, respectively) was compared with that
of immunoblotted bands of various amounts of the respective GST
fusion proteins (in boxes). ZO-1+/+ cells expressed 13.0 = 1.0 nmol of
Z0O-1 and 8.2 = 0.1 nmol of ZO-2/1 g of total protein (mean = S.E.). In
Z0-1—/— cells, ZO-2 was not increased in amount (9.4 = 0.7 nmol/g)
and exogenous ZO-1 was expressed at a level of 34.5 = 4.5 nmol/g. In
Z0-1—/— cells expressing HA-ZO-2, the total amount of endogenous
Z0-2 and HA-ZO-2 was 19.8 + 0.7 nmol/g, which was comparable with
the total amount of endogenous ZO-1 and ZO-2 in ZO-1+/+ cells (~21
nmol/g).

within cells. Although it might be premature to discuss further
the behavior of cingulin in ZO-1—/—cells, it would be intriguing
if in the future ZO-1—/— cells could be compared with epithelial
cells specifically lacking the expression of cingulin.
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TaBLE 1
Expression levels of ZO-1 and ZO-2
Z0O-1 Z0-2 Z0-1 + Z0O-2
nmollg total protein

+/+ 13.0 8.2 21.2
—/— Clone 18 0.0 9.4 9.4
—/— + Z0O-1 ¢cDNA 34.5 10.0 44.5
—/— + HA-ZO-2 cDNA 0.0 19.8 19.8

The third alteration observed in ZO-1—/—cells, which would
be the most important feature from the viewpoint of epithelial
polarization, was that the TJ formation was significantly re-
tarded when the epithelial polarization was initiated by the
Ca?" switch. Judging from the immunofluorescence staining
and cell aggregation assay, in ZO-1—/—cells, the formation of
AdJs at the initial phase of epithelial polarization did not appear
to be affected. The process of TJ assembly, i.e. the recruitment
of claudins/occludin to the newly formed belt-like AdJs, ap-
peared to take significantly longer time in ZO-1—/— cells than
in ZO-1+/+ cells. The retardation of the establishment of the
TdJ barrier was confirmed by the tracer permeability assay.
However, it should be emphasized that, when ZO-1—/— cells
were cultured for a long time under confluent conditions, they
became highly polarized with well organized junctions, which
were structurally and functionally indistinguishable from
those in ZO-1+/+ cells. The question has naturally arisen as to
what is the molecular mechanism behind this peculiar feature
of ZO-1—/— cells, i.e. the retardation of TJ formation during
epithelial polarization.

Z0-1,Z0-2, and ZO-3 have been speculated to be functionally
redundant. Because it was not expressed in detectable amount
in Eph4 cells, we did not need to discuss ZO-3. Considering that
the cytoplasmic ZO-2 was recruited to Tds instead of ZO-1 in
Z0-1—/— cells, the following mechanism seems logical. ZO-2
shares the same function as ZO-1, but in ZO-1—/— cells due to
an insufficient amount of ZO-2, it cannot fully compensate for
the ZO-1 deficiency, resulting in a retardation of TdJ formation.
However, detailed quantitative analyses indicated that the
functional relationship between ZO-1 and ZO-2 was not so
simple (Table I). Parental ZO-1+/+ cells expressed ~13 nmol/g
7Z0-1 and ~8 nmol/g ZO-2. In ZO-1—/— cells, the expression of
7Z0-2 was not up-regulated. When ZO-1 was exogenously ex-
pressed in ZO-1—/— cells, the formation of TJs was completely
rescued. By contrast, in ZO-1—/— cells expressing ZO-2 exog-
enously, the total amount of exogenous and endogenous ZO-2
(~20 nmol/g) was nearly equal to the total amount of endoge-
nous ZO-1 and ZO-2 (~21 nmol/g) in ZO-1+/+ cells, but the TJ
assembly was still markedly retarded. Therefore, ZO-1 and
Z0-2 would function redundantly to some extent in junction
formation/epithelial polarization, but it can be said that they
are not functionally identical.

In this study, by conventional homologous recombination, we
have for the first time established cultured Eph4 epithelial
cells in which the expression of ZO-1 was completely and stably
suppressed. It is time-consuming to knock out genes in cul-
tured epithelial cells, but once such knock-out cells are ob-
tained, they are very useful not only for the detailed analyses of
phenotypic changes but also for biochemical analyses. How-
ever, as numerous molecules are expected to be involved in
junction formation/epithelial polarization in a very complicated
manner (18, 46—48), further generation of Eph4 cells lacking
the expression of various genes will be required. For example,
Eph4 cells lacking the expression of ZO-2 or both ZO-1 and
Z0-2 would provide crucial information on the functions of
70-1/Z0-2 when analyzed in combination with ZO-1—/— cells.
The generation of ZO-1—/— cells in this study is just a first
step. We are conducting further studies along this line.

Z0O-1-deficient Epithelial Cells
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