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ZO-1, ZO-2, and ZO-3 are closely related scaffolding proteins that link tight junction (TJ) transmembrane
proteins such as claudins, junctional adhesion molecules, and occludin to the actin cytoskeleton. Even though
the zonula occludens (ZO) proteins are among the first TJ proteins to have been identified and have undergone
extensive biochemical analysis, little is known about the physiological roles of individual ZO proteins in
different tissues or during vertebrate development. Here, we show that ZO-3 knockout mice lack an obvious
phenotype. In contrast, embryos deficient for ZO-2 die shortly after implantation due to an arrest in early
gastrulation. ZO-2�/� embryos show decreased proliferation at embryonic day 6.5 (E6.5) and increased
apoptosis at E7.5 compared to wild-type embryos. The asymmetric distribution of prominin and E-cadherin to
the apical and lateral plasma membrane domains, respectively, is maintained in cells of ZO-2�/� embryos.
However, the architecture of the apical junctional complex is altered, and paracellular permeability of a
low-molecular-weight tracer is increased in ZO-2�/� embryos. Leaky TJs and, given the association of ZO-2
with connexins and several transcription factors, effects on gap junctions and gene expression, respectively, are
likely causes for embryonic lethality. Thus, ZO-2 is required for mouse embryonic development, but ZO-3 is
dispensable. This is to our knowledge the first report showing that an individual ZO protein plays a nonre-
dundant and critical role in mammalian development.

Tight junctions (TJs) are regions of intimate contact be-
tween the plasma membrane domains of adjoining cells and
are predominantly found in columnar epithelial and endothe-
lial cells, where they are part of the apical junctional complex
(reviewed in reference 47). TJs are also found in hepatocytes
(13), keratinocytes (13), and Schwann cells (40).

TJs contain integral membrane proteins, notably claudins,
occludin, and junctional adhesion molecules, which engage in
homotypic and heterotypic interactions through their extracel-
lular domains with corresponding proteins on adjoining cells
(reviewed in reference 3 and 52). On the cytoplasmic side,
adaptor or scaffolding molecules tether the integral membrane
TJ proteins to the actin cytoskeleton. The best-characterized
adaptors that directly link transmembrane TJ proteins to the
cytoskeleton are ZO-1, ZO-2, and ZO-3, three closely related
proteins that are widely expressed in different tissues and or-
gans (reviewed in reference 21). Zonula occludens (ZO) pro-
teins carry three PDZ (PSD-95/Dlg/ZO-1) domains, an Src
homology 3 domain, and a guanylate kinase-like domain, and
hence belong to the membrane-associated guanylate kinase-
like superfamily of proteins (reviewed in references 20 and 21).
A growing number of both structural and regulatory proteins

that associate with the different domains of ZO proteins have
been identified (reviewed in reference 21). Some of these in-
teracting partners bind selectively to an individual ZO protein;
others bind to two or even all three family members.

Several functions have been associated with TJs. On one
hand, TJs are thought to restrict the diffusion of integral mem-
brane proteins and outer leaflet lipids between different
plasma membrane domains, for example, the apical and baso-
lateral surfaces of columnar epithelial cells. On the other hand,
TJs function as charge- and size-selective paracellular pores,
providing barriers between the external and internal milieu of
organs or establishing tissue compartments with distinct elec-
trolyte compositions within organs (reviewed in references 2,
31, 47, 52, and 53). Recent evidence also indicates that TJs
participate in the regulation of vesicular membrane transport
(reviewed in reference 31) and cell differentiation and prolif-
eration (reviewed in references 35 and 36).

The precise relevance of individual ZO proteins with respect
to TJ assembly and functions remains largely unknown. Com-
ponents of TJs, including ZO family members, can be incor-
porated into adherens junctions, gap junctions, and the inter-
calated discs of cardiomyocytes (9), suggesting that they play
additional roles in cell-cell adhesion and intercellular commu-
nication. Furthermore, it is not clear if the three ZO family
members are functionally redundant or if they each are linked
to specific functions. Inactivation of ZO-1 by homologous re-
combination in mammary Eph4 cells revealed only minor de-
fects, including a retarded recruitment of claudins and occlu-
din to TJs, delayed barrier establishment, and the loss of
cingulin from TJs (49). Exogenous expression of ZO-1, but not
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ZO-2, rescued the observed phenotype, suggesting that despite
redundancy for junction establishment and epithelial polariza-
tion, the two ZO proteins may not be functionally identical.
Similarly, in MDCK cells, where ZO-1 expression was silenced
using small interfering RNA (siRNA), the formation of TJs
was delayed, but they eventually matured to full functionality
(37). Depletion of ZO-2 using siRNA had no discernible ef-
fects on TJ structure or function in Eph4 (48) cells. In MDCK
cells, silencing of ZO-2 had either no effect (38) or, as reported
in a recent study (23), resulted in a compromised barrier, the
apical mislocalization of E-cadherin, and widened intracellular
spaces. Furthermore, while in MDCK cells the absence of
ZO-2 did not increase the delay in TJ formation caused by the
lack of ZO-1 (37), it had dramatic effects on TJ formation in
Eph4 cells lacking ZO-1 (48). Eph4 cells deficient for both
ZO-1 and ZO-2 lacked morphologically discernible TJs and
showed a loss of paracellular barrier function and a failure
to concentrate Cldn-3, occludin, and the junctional adhesion
molecule at cellular junctions, but they retained epithelial
polarization. In the case of ZO-3, TJ structure and function
were unaffected in ZO-3-deficient cells, and even the addi-
tional suppression of ZO-2 by siRNA failed to affect TJ
architecture (1).

To explore the physiological role of ZO proteins in vivo
during development and in different organs, we have inacti-
vated by homologous recombination each of the corresponding
genes in mice. Here we report on the generation of ZO-2 and
ZO-3 knockout (KO) mice. ZO-3�/� mice showed no apparent
phenotype, in accordance with a recent report (1). Interest-
ingly, however, ZO-2�/� mice suffered early embryonic lethal-
ity, establishing nonredundant functions for ZO-2 and ZO-3
and revealing a critical role for ZO-2 in mammalian embryonic
development.

MATERIALS AND METHODS

Generation of ZO-2 and ZO-3 KO mice. Genomic fragments containing the
ZO-2 or ZO-3 locus were isolated from a mouse 129SvJ genomic library (Strat-
agene) and subcloned into pBluescript II KS(�) (Stratagene). Targeting vectors
were designed to replace the exon containing the start ATG of ZO-2 and ZO-3
and contained a LacZ neo cassette flanked by short and long arms of 1.8 kb and
5.9 kb, respectively, for ZO-2 and 2.2 kb and 4.8 kb, respectively, for ZO-3 (Fig.
1). The targeting vectors were linearized and electroporated into W4 embryonic
stem cells (ESCs) (Taconic). G418-resistant clones were screened by PCR and
Southern blot analysis. ZO-2�/� and ZO-3�/� ESC clones were injected into
blastocysts derived from C57BL/6 mice to generate chimeras. Since germ line
transmission was only obtained for one ZO-2�/� ESC clone, genomic integrity
was verified by G-banding (data not shown). Furthermore, ZO-2�/� mouse

FIG. 1. Targeting of the ZO-2 and ZO-3 loci and genotyping. (A and B) Targeting strategy. Schematic representations of the genomic locus
of ZO-2 (A) and ZO-3 (B) showing exon 2 (with the initiation ATG) and exon 3 (gray boxes). The targeting vectors are designed to disrupt exon
2 by the in-frame insertion of a lacZ gene and a loxP-flanked neomycin cassette immediately downstream of the ATG codon. Bars indicate the
regions to which probes used for Southern blot analysis hybridize; arrows denote the regions where primers used for genotyping anneal. (C to E)
Homologous recombination in ESCs. Southern blot of ScaI-digested genomic DNA of selected ESC clones hybridized with labeled DNA probes
hybridizing to genomic DNA (C and D) or the neomycin gene (E), as described in panels A and B, for the identification of homologous
recombinants. ScaI fragments of 11.5- and 6.7-kb (ZO-2) or 10.6- and 5.8-kb (ZO-3) corresponding to the WT and targeted mutant alleles,
respectively, are detected in targeted (�/�) ESC clones, whereas only the fragment corresponding to the WT allele is present in controls (�/�).
(F and G) Genotyping of transgenic mice. Genomic DNA was amplified by PCR using primers designed to distinguish between WT and mutant
alleles, as described in panels A and B. Fragments of 580 bp are 679 bp are indicative of the presence of the recombined mutant allele of ZO-2
and ZO-3, respectively, while the 367-bp and 297-bp fragments denote the WT allele. No ZO-2�/� mice were detected in newborn litters.
(H) Western blot detection of ZO-3 protein. Lysates of intestine and liver from postnatal day 9 ZO-3�/� and ZO-3�/� littermates were fractionated
by SDS-polyacrylamide gel electrophoresis, transferred to membranes, and blotted with antibodies to ZO-3.
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embryonic fibroblasts showed a normal kryotype (chromosome number and
G-banding) (data not shown).

Genotyping by PCR analysis. Genomic DNA isolated from tail clippings or
embryo tissue and suitable primers were used in a PCR for genotyping. Primer
1 (5�-ATGGAGGAGGTGATATGGGAGCAG-3�) and primer 2 (5�-TGTGTC
ATTGGTGTGTGGAAGGAG-3�) were used amplify a fragment of 367 bp for
the wild-type (WT) allele, whereas primer 3 (5�-GAGCTGTGTGGAAGCATA
CCTAGT-3�) and primer 4 (5�-ATGGGATAGGTTACGTTGGTGTAG-3�)
yielded a 580-bp product for the mutant allele of ZO-2. For ZO-3, primer 5
(5�-GAGGTATAGTGGGTAAGCCAGACA-3�) and primer 6 (5�-AAGGCGT
TACTTCTCAGACCC AG-3�) amplified a 297-bp fragment for the WT allele,
whereas primer 7 (5�-GAGGTATAGTGGGTAAGCCAGALA-3�) and primer
8 (5�-ATGGGATAGGTTACGTTGGTGTAG-3�) resulted in a 679-bp product
for the mutant allele.

Southern blot analysis. Genomic DNA was extracted from G418-resistant
ESCs and digested to completion with ScaI. For the ZO-2 locus, a 566-bp
fragment corresponding to the 5� end or the right arm of the target vector (Fig.
1A) was labeled with [32P]dCTP by random priming (Roche) and used as a
probe. Fragments of 679 bp and 668 bp corresponding to the 3� end of the left
arm of the targeting vector and the Neo sequence, respectively, were labeled and
used as probes for the ZO-3 locus.

Histological analysis. Embryos at embryonic day 5.5 (E5.5), E6.5, E7.5, and
E8.5 were isolated together with their deciduas from the uterus of pregnant mice.
The embryos and deciduas were fixed in 4% paraformaldehyde overnight, em-
bedded in paraffin, sectioned, and stained with hematoxylin and eosin. The slides
were viewed with a Leica DM4000 B microscope, and the photos were taken with
a DFC300 FX camera. To genotype embryos, tissue was microdissected from
paraffin sections and digested in 20 �l of water containing 10 �g of proteinase K
(Roche) at 56°C for 2 h. Proteinase K was then inactivated at 80°C for 10 min,
and 2 �l of the digest was used for PCR analysis.

Immunostaining. Deciduas isolated from uteruses were fixed with 4% para-
formaldehyde for 2 h to overnight, followed by washing with phosphate-buffered
saline (PBS). The samples were kept in 20% sucrose overnight, transferred to
solution containing equal parts 20% sucrose and 22-oxyacalcitriol for 4 h, frozen
in 22-oxyacalcitriol, and then processed on a cryostat to obtain 5-�m thick
sections. Immunostaining was carried out with rabbit polyclonal antibodies
against ZO-1, ZO-2, ZO-3, occludin (Zymed), or the mesoderm marker T gene
(Brachyury; Abcam) and with rat polyclonal antibodies against E-cadherin
(Zymed) or prominin (eBioscience).

Isolation and culture of blastocysts in vitro. ZO-2 heterozygote males and
females were crossed, and the blastocysts were collected at 3.5 days postcoitus by
flushing the uterus of plugged females with M2 medium (Sigma). Flushed blas-
tocysts were then cultured individually in Dulbecco’s modified Eagle’s medium
supplemented with 20% fetal bovine serum in 96-well plates at 37°C in 5% CO2.

Generation of ZO-2 null ESCs. Independent ZO-2�/� ESCs were seeded in a
six-well plate, and after 2 days they were trypsinized and replated onto a 10-cm
dish and selected in 20 mg/ml G418 (Calbiochem). After 7 to 9 days of selection,
drug-resistant colonies were picked. Half of the cells from each clone were
screened by PCR, and the rest were expanded on feeder cells. ZO-2�/� ESC
clones were amplified, and the absence of ZO-2 protein was confirmed by
Western blotting. Eight independent ZO-2 null ESC clones were obtained from
two independent ZO-2 heterozygous founder ESC clones.

Lanthanum permeability. E7.5 embryos and day 5 embryoid bodies (EBs)
were immediately fixed in freshly made 2.5% glutaraldehyde for 1 to 3 h. In some
experiments, WT EBs were incubated with 10 mM EGTA for 30 min on ice prior
to fixation. After a rinse with PBS, the samples were postfixed in 1% osmium
tetroxide containing 1% lanthanum nitrate for 1 h, rinsed in PBS, and processed
for transmission electron microscopy as described below.

Transmission electron microscopy. E6.5 and E7.5 embryos were dissected
from their deciduas and fixed in 2.5% glutaraldehyde. After a rinse with 0.1 M
PBS, the embryos were postfixed in 1% osmium tetroxide for 1 h, rinsed in
phosphate buffer, dehydrated in ethanol, and embedded in resin. Ultrathin
sections were cut with a diamond knife, stained with uranyl acetate and lead
citrate, and then viewed with a transmission electron microscope (JEM-1010).

Apoptosis assay. Terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling (TUNEL) assays were performed on cryosections of
mouse embryos from E6.5 to E8.5 with a TMR Red In Situ Cell Death Detection
Kit (Roche), according to the manufacturer’s protocol.

BrdU labeling. One hour before the mice were sacrificed, 100 �g of bromode-
oxyuridine (BrdU; Sigma) per gram of body weight was injected peritoneally into
the pregnant females. Deciduas were removed and treated as described above.
The sections were stained with the in situ cell proliferation kit FLUOS (Roche)
according to the manufacturer’s protocol.

Western blot analysis. ESCs or EBs were washed twice in PBS and lysed for
15 min in radioimmunoprecipitation assay buffer (1% deoxycholate, 1% Triton
X-100, 0.5% sodium dodecyl sulfate [SDS], 50 mM Na2HPO4, 150 mM NaCl, 2
mM EDTA) on ice. Lysates were cleared by centrifugation (13,000 � g for 15
min) at 4°C. The supernatant was fractionated by SDS-polyacrylamide gel elec-
trophoresis and Western blot analysis essentially as described previously (29). No
full-length ZO-2 or truncated fusion protein(s) was detected using antibodies to
either the N-terminal linker region between PDZ2 and PDZ3 (sc-11448; Santa
Cruz) or the C terminus (catalog number 38-9160; Zymed) of ZO-2.

RESULTS

Targeting of the ZO-2 and ZO-3 genes and generation of
ZO-2 and ZO-3 KO mice. The ZO-2 or ZO-3 locus was tar-
geted in W4 ESCs with a �-galactosidase gene (lacZ) knock-in
targeting vector using the strategies outlined in Fig. 1A and B.
Using this approach, the lacZ gene was placed in frame down-
stream of the initiation ATG of the ZO-2 or ZO-3 gene, re-
sulting in a null mutation of the corresponding gene. ESCs
were selected in G418, and clones were screened for homolo-
gous recombination at the ZO-2 or ZO-3 locus using Southern
blot hybridization (Fig. 1C to E) and the probes indicated in
Fig. 1A and B. Using gene-specific probes and genomic DNA
digested with ScaI, 6.7-kb and 11.5-kb (Fig. 1C, ZO-2) and
5.8-kb and 10.6-kb bands (Fig. 1D, ZO-3) were detected for the
WT and mutant alleles, respectively. As expected, the neo-
specific probe hybridized only with the 10.6-kb band of ZO-
3�/� ESCs (Fig. 1E). Homologous recombination was ob-
tained in 2 (ZO-2) and 5 (ZO-3) out of 96 selected ESCs.

Correctly targeted ESC clones were injected into C57BL/6
blastocysts, and one clone each produced chimeric mice with
germ line transmission of the mutated ZO-2 and ZO-3 alleles.
Chimeras were mated with either C57BL/6 or 129 strain mice
to establish the F1 generation of heterozygous mice. Embryos
or mice were routinely genotyped by PCR using the primers
shown in Fig. 1A and B, resulting in 580-bp and 679-bp diag-
nostic fragments indicative of the mutated ZO-2 (Fig. 1F) and
ZO-3 (Fig. 1G) alleles, respectively. ZO-2 and ZO-3 heterozy-
gous mice were apparently normal and mated to obtain ho-
mozygous animals.

Embryonic lethality for ZO-2�/� but not ZO-3�/� mice. ZO-
3�/� mice (Fig. 1G) were born according to Mendelian ratios.
Of 97 offspring from matings of ZO-3�/� � ZO-3�/� mice, 23
were ZO-3�/�, 17 were WT, and 57 were ZO-3�/�. Embryonic
development of ZO-3�/� mice was normal, and adult animals
showed no apparent phenotype. ZO-3 protein, detected as a
130-kDa band by Western blotting and abundantly expressed
in the intestines and livers of WT mice, could not be detected
in tissues of ZO-3�/� animals (Fig. 1H), confirming the inac-
tivation of the ZO-3 locus. The loss of ZO-3 expression in the
KO mice was further corroborated by immunolabeling. ZO-3,
present on TJs of intestinal epithelial cells of control animals,
was absent from the intestine of ZO-3�/� mice (Fig. 2A and
B). No differences in the lateral localization of E-cadherin
(Fig. 2C and D) or TJ morphology as assessed by transmission
electron microscopy (Fig. 2E and F) were observed between
control and ZO-3�/� intestinal epithelial cells. Preliminary
analysis of our ZO-3�/� mice (Fig. 2 and data not shown) is in
agreement with a recent detailed characterization of indepen-
dently generated ZO-3�/� mice and derived teratocarcinoma
cell lines, which also failed to establish a phenotype (1).
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In contrast to ZO-3�/� mice, however, ZO-2�/� offspring
were absent in litters from ZO-2 heterozygous crossings (Fig.
1F and Table 1), pointing to embryonic lethality. Genotyping
of embryos from ZO-2 heterozygous crossings at different de-
velopmental stages showed a gradual decline in the fraction of
homozygous embryos (Table 1), and histological analysis re-
vealed a concomitant increase in the number of small, abnor-

mal embryos apparently undergoing resorption (Fig. 3). Dis-
section of embryos at E6.5, E7.5, and E8.5 confirmed their
grossly underdeveloped and abnormal state compared to cor-
responding WT embryos (Fig. 4). Embryonic lethality was also
observed in a pure Sv129 background. This and the normal
karyotype (chromosome number and G-banding) (data not
shown) of ZO-2�/� mouse embryonic fibroblasts make it un-

FIG. 2. E-cadherin expression and TJ morphology in intestinal ep-
ithelial cells of ZO-3�/� mice. (A to D) ZO-3 expression and E-
cadherin localization. Sections of intestines from ZO-3�/� or ZO-3�/�

littermates were stained with antibodies to ZO-3 (A and B) or E-
cadherin (C and D) and fluorescently labeled secondary antibodies. (E
and F) TJ morphology. Electron micrographs (EM) of intestinal sec-
tions of ZO-3�/� and ZO-3�/� mice showing the electron-dense
plaques of the apical junctional complex between adjacent epithelial
cells. Bars, 0.5 �m (E) and 1 �m (F).

TABLE 1. Genotyping of offspring from ZO-2�/� � ZO-2�/� mating

Stage

Genotype (no. of embryos)a

WT ZO-2�/�
ZO-2�/�

Total
Abn Res Total

Weaning 27 53 0 80
E9.5–E18.5 14 29 0 11 11 54
E8.5 7 12 3 1 4 23
E7.5 ND ND 22 35 57 211
E6.5 ND ND 19 15 34 141
E5.5 ND ND 3 1 4 14
E3.5 16 37 0 0 15 68

a Genomic DNA of embryos at the indicated developmental stages was am-
plified by PCR using primers designed to distinguish between WT and mutant
alleles (Fig. 1A and B). No ZO-2�/� mice were detected in newborn litters. ND,
genotype not determined but size and morphology normal; Abn, abnormal mor-
phology and small size; Res, resorbed and empty decidua.

FIG. 3. Postimplantation development of ZO-2�/� embryos. His-
tology of embryos with typical normal or abnormal appearance at E5.5
(A and B), E6.5 (C and D), E7.5 (E and F), and E8.5 (G and H). Note
the developmental arrest of ZO-2�/� embryos from E5.5 onwards and
eventual resorption. epc, extraplacental cone; ac, amniotic cavity, ecc,
exocoelomic cavity; epca, ectoplacental cavity; ne, neural ectoderm.

FIG. 4. Developmental arrest of ZO-2�/� embryos. ZO-2�/� and
ZO-2�/� embryos dissected from their deciduas at E6.5, E7.5, and
E8.5. Note the overall smaller size and developmental arrest of ZO-
2�/� embryos. epc, extraplacental cone.
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likely that compromised genomic integrity is the cause for
embryonic lethality of ZO-2�/� animals.

These findings thus establish a role for ZO-2 but not for
ZO-3 in the embryonic development of mammals.

ZO-2�/� embryo development is compromised by reduced
cell proliferation followed by apoptosis. ZO-2�/� embryos ap-
peared small and morphologically abnormal and failed to develop
past the egg cylinder stage (Fig. 3). By E7.5, ZO-2�/� embryos
were less than half the size of WT or heterozygous embryos (Fig.
4) and showed a general disorganization of embryo morphology
and developmental defects such as an abnormal proamniotic cav-
ity (Fig. 3C and D). Egg cylinders of ZO-2�/� embryos were
composed of discreet ectoderm and endoderm cell layers but did
not show morphological evidence of mesoderm development (Fig. 3), consistent with the lack of staining for the mesoderm

marker T (Brachyury) (data not shown).
Given the smaller size and apparent degeneration of ZO-

2�/� embryos between E6.5 and E7.5, we determined if alter-
ations in cell proliferation and/or apoptosis contributed to
developmental arrest. Based on the analysis of BrdU incorpo-
ration, cells in WT embryos showed high proliferative activity
at E6.5 (Fig. 5A and B). In contrast, few if any proliferating
cells were present in ZO-2�/� embryos at this stage (Fig. 5C
and D). Little if any apoptotic activity was observed by TUNEL
assay in WT E6.5 (data not shown) or E7.5 embryos (Fig. 6C
and D). However, while programmed cell death occurred at
low levels in ZO-2�/� embryos at E6.5 (Fig. 6A and B), exten-
sive apoptosis was observed in these embryos at E7.5 (Fig. 6E
and F). Thus, the viability of ZO-2�/� embryos was compro-
mised due to the loss of cell proliferation and the induction of
apoptosis between E6.5 and E7.5.

To explore the developmental potential of ZO-2�/� blasto-
cysts, E3.5 embryos removed from pregnant females following
heterozygous mating were cultured in vitro. A similar expan-
sion of the inner cell mass and trophoblast outgrowth were
observed from day 0 (Fig. 7A to C) to day 4 (Fig. 7D to F) for
WT, ZO-2�/�, and ZO-2�/� (Fig. 7G) blastocysts in culture.

As expected, T gene expression was absent in ESCs. Despite
its absence in E7.5 ZO-2�/� embryos in vivo, T was expressed
in cultured ZO-2�/� EBs (Fig. 7H). This observation suggests
that the lack of mesoderm formation in ZO-2�/� blastocysts is

FIG. 5. Cell proliferation is compromised in E6.5 ZO-2�/� em-
bryos. ZO-2�/� (A and B) and ZO-2�/� (C and D) E6.5 embryos were
labeled with BrdU and incorporated BrdU (green; A and C), and
nuclei (blue; B andD) were visualized in sections by fluorescence
microscopy. pac, proamniotic cavity; epc, extraplacental cone.

FIG. 6. Enhanced apoptosis in E7.5 ZO-2�/� embryos. Apoptosis
in ZO-2�/� (A, B, E, and F) and ZO-2�/� (C and D) embryos at E6.5
(A and B) or E7.5 (C to F) was visualized by fluorescence microscopy
using the TUNEL assay (red; A, C, and E). Nuclei are stained in blue
(B, D, and F). a, amnion; ac, amniotic cavity; ee, embryonic ectoderm,
em, embryonic mesoderm, een, embryonic endoderm.

FIG. 7. ZO-2�/� blastocysts differentiate inner cell mass and tro-
phoblast tissue in vitro and express the mesoderm marker T gene. (A
to F) Blastocyst cultures. Micrographs of E3.5 ZO-2�/� (A and D),
ZO-2�/� (B and E), or ZO-2�/� (C and F) blastocysts after isolation
(day 0 [D0]) (A to C) or 4-day (D4) in vitro culture (D to F). Note the
normal development of inner cell mass (ICM) and trophoblast out-
growth (TG) for ZO-2�/� blastocysts. (G) Genotyping. Blastocysts
were genotyped by reverse transcription-PCR, yielding 367-bp and
580-bp fragments for the WT and inactivated ZO-2 alleles, respec-
tively. (H) T-gene expression. Reverse transcription-PCR was used to
assess the expression of T gene in ZO-2�/� or ZO-2�/� ESCs and EBs.
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due to apoptosis in the ectoderm layer rather than a require-
ment of ZO-2 for mesoderm induction per se.

Taken together, arrest of cell proliferation and subsequent
programmed cell death between E6.5 and E7.5 prevent gas-
trulation in ZO-2�/� embryos.

The asymmetric distribution of plasma membrane proteins
is not affected in cells of ZO-2�/� embryos. E7.5 embryos were
stained with antibodies to ZO-2 to analyze its expression and
distribution. ZO-2 was strongly expressed in WT embryos and
enriched at sites of cell-cell contact of the extraembryonic
and embryonic endoderm and ectoderm cell layers (Fig. 8A).
As expected, no specific ZO-2 staining was obtained in ZO-
2�/� embryos (Fig. 8B). E7.5 embryos also expressed ZO-1
and ZO-3, and both proteins were detected at the apical pole
of cells of the extraembryonic and embryonic endoderm and
ectoderm cell layers (Fig. 8C and E). ZO-3 expression was low
in the embryonic ectoderm but high in the extraplacental cone.
Neither the expression nor the distribution of ZO-1 or ZO-3
was significantly altered in ZO-2�/� embryos (Fig. 8D and F).
Furthermore, no apparent difference in the apical localization
of prominin (Fig. 9A and B) was observed between control and
ZO-2-deficient E7.5 embryos. In ZO-2�/� embryos, E-cad-
herin was present in the lateral membrane of cells of the
ectoderm and endoderm layers, with a concentration in
the apical adhesion complexes in the ectoderm (Fig. 9C). The
overall distribution of E-cadherin did not appear to be affected
in the absence of ZO-2 (Fig. 9C and D).

These data indicate that the role of TJs in maintaining the
asymmetric distribution of membrane proteins remained intact
in cells of ZO-2�/� embryos.

The structure and permeability barrier of the apical junc-
tional complex are altered in cells of ZO-2�/� embryos. To

further assess the structural integrity of TJs, we analyzed E6.5
and E7.5 embryo sections by transmission electron microscopy.
Electron-dense plaques characteristic of the apical junctional
complex were readily detected at the apical pole of the lateral
membrane of adjacent cells of the ectoderm cell layer of con-
trol embryos (Fig. 10A and C). In contrast, prominent elon-
gated electron-dense plaques were rarely observed in cells of
ZO-2�/� embryos (Fig. 10B and D). Quantification confirmed
the presence of normal apical junctional plaques between most
cells of control embryos, whereas cells of ZO-2�/� embryos
presented only the occasional rudimentary plaque (Table 2).

Given the apparent structural alterations in TJs, we moni-
tored paracellular permeability in ZO-2�/� embryos. Lantha-
num permeability was efficiently restricted at the level of TJs in
cells of control embryos (Fig. 10E and G). In contrast, lantha-
num was readily detected in extracellular spaces between the
lateral plasma membranes of adjacent cells of E7.5 ZO-2�/�

embryos. Quantification showed that none of the TJs from
control embryos allowed diffusion of lanthanum whereas
more than 10% of the TJs from ZO-2�/� embryos were
leaky (Table 3).

Thus, the structural and functional integrity of the apical
junctional complex was compromised in cells of developing
ZO-2�/� embryos.

Polarity, TJ structure, and paracellular permeability are
unaffected in ZO-2�/� embryoid bodies. We next extended our
analysis to EBs derived from either WT or ZO-2 null ESCs.
The second ZO-2 allele was targeted in two independent ZO-
2�/� ESC clones (see Fig. S1A in the supplemental material),
including the clone used to generate the ZO-2�/� mice (see
above). ZO-2�/� ESCs showed normal morphology (see Fig.
S1B in the supplemental material). At 5 and 10 days of culture,
ZO-2�/� EBs expressed approximately half the amount of
ZO-2 protein compared to WT EBs, and, as expected from the
design of the targeting vector, no expression of ZO-2 protein
could be detected in ZO-2�/� EBs (see Fig. S1C in the sup-
plemental material). Furthermore, Western blot analysis using
a panel of antibodies to different regions of ZO-2 failed to

FIG. 8. Distribution of ZO-1 and ZO-3 in ZO-2�/� embryos is not
altered. Sections of E7.5 ZO-2�/� (A, C, and E) and ZO-2�/� (B, D, and
F) embryos were labeled with antibodies to ZO-2 (A and B), ZO-1 (C and
D), or ZO-3 (E and F) and visualized by fluorescence microscopy. a,
amnion; ac, amniotic cavity; ee, embryonic ectoderm; een, embryonic
endoderm; exen, extraembryonic endoderm; exe, extraembryonic
ectoderm.

FIG. 9. Apical-basal polarity is not affected in ZO-2�/� embryos.
Sections of E7.5 ZO-2�/� (A and C) and ZO-2�/� (B and D) embryos
were labeled with antibodies to the apical marker prominin (A and B)
and the lateral maker E-cadherin (B and D) and visualized by fluo-
rescence microscopy. ac, amniotic cavity; ee, embryonic ectoderm; een,
extraembryonic endoderm; ee, embryonic ectoderm; embryonic
mesoderm.
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detect truncated forms of ZO-2 (data not shown). Neither
expression levels (see Fig. S2 and S3 in the supplemental ma-
terial) nor localization of ZO-1 or ZO-3 was visibly altered in
ZO-2�/� EBs (see Fig. S3 in the supplemental material). Anal-
ysis of selected TJ or adherens junction markers showed no
changes in protein levels for occludin and cingulin or E-cad-
herin and �-catenin, respectively (see Fig. S2 in the supple-
mental material). Cldn1 protein levels were slightly reduced in
ZO-2�/� EBs (see Fig. S2 in the supplemental material), but

the protein was still readily detected at TJs by immunofluores-
cence microscopy. The localization of other TJ proteins (i.e.,
Cldn3, occludin, and cingulin) and the distribution of an apical
(moesin) and a lateral (E-cadherin) marker were not appar-
ently altered, indicating that cell polarity was unaffected in
ZO-2�/� EBs (see Fig. S3 in the supplemental material). In
contrast to ZO-2�/� embryos, the structural appearance of TJs
in EBs lacking ZO-2 was normal as assessed by electron mi-
croscopy, and no increase in the permeability to lanthanum
was detected (see Fig. S4 in the supplemental material).

The analysis of ZO-2�/� EBs thus revealed significant dif-
ferences with respect to TJ structure and permeability com-
pared to ZO-2�/� embryos, suggesting that in ZO-2�/� em-
bryos, physiological stress or the maternal uterine environment
may affect the structural and/or functional integrity of TJs.

DISCUSSION

Members of the ZO protein family were among the first TJ
proteins to be identified and have been extensively character-
ized. In addition to homodimerization (ZO-1) (50) and het-
erodimerization (ZO-1 with ZO-2 or ZO-3) (55), ZO proteins
associate with a multitude of scaffolding proteins found at TJs
(reviewed in reference 11), indicating that they form part of an
intricate submembranous network. An important role of this
scaffold may be to tether ZO TJ transmembrane proteins (i.e.,
claudins, occludin, and junctional adhesion molecules) to fila-
mentous actin (12, 27), which likely is critical for TJ function.
For example, monolayers of renal epithelial cells that express
a Cldn16 mutant defective in ZO-1 binding display altered
paracellular Mg2� permeability properties (39). ZO proteins
also recruit signaling molecules, proteins regulating vesicular

FIG. 10. The structure and permeability barrier of the apical junc-
tional complex are altered in cells of ZO-2�/� embryos. (A to D)
Structure. E6.5 (data not shown) and E7.5 embryo sections were an-
alyzed by transmission electron microscopy to visualize the apical junc-
tional complex. Typical electron-dense plaques were readily detected
at the apical pole of the lateral membrane of adjacent cells of control
embryos (A and C) but were rarely observed in cells of ZO-2�/�

embryos (B and D). ZO-2�/� embryos were identified based on their
small size compared to WT and heterozygous embryos. Bars, 5 �m (A
and B) and 0.5 �m (C and D). (E and F) Lanthanum permeability.
E7.5 embryos were postfixed in lanthanum nitrate and processed for
transmission electron microscopy. Note the presence of lanthanum
(black arrows) in intercellular spaces of ZO-2�/� (E) but not control
(F) embryos. Bar, 2 �m. (G and H) Higher magnification of the TJs
highlighted with square brackets in panels E and F. Bar, 1 �m.

TABLE 2. Apical junctional complex morphology in embryos from
ZO-2�/� � ZO-2�/� matingsa

Stage
Embryo

morphology
(no. of embryos)

Characterization of electron-dense
plaques at apical junctional

complex (no. of sites)
Total
no. of
sites

Normal Rudimentary Absent

E6.5 Small (2) 0 4 19 23
E6.5 Normal (5) 48 8 0 56
E7.5 Small (2) 0 7 37 44
E7.5 Normal (3) 25 6 0 31

a E6.5 and E7.5 embryo sections were analyzed by transmission electron mi-
croscopy to visualize the apical junctional complex. The presence or absence of
typical electron-dense plaques (Fig. 10) was quantitated from 23 to 53 sites of
cell-cell contact. While electron-dense plaques were always present in embryos of
normal size (WT and heterozygous), they were absent in small (ZO-2�/�) em-
bryos.

TABLE 3. Quantification of TJ leakinessa

Embryo type No. of embryos
examined

No. of TJs

Intact Leaky

WT 5 75 0
ZO-2�/� 2 67 8

a Lanthanum permeability. E7.5 embryos were postfixed in lanthanum nitrate
and processed for transmission electron microscopy. The absence (TJ intact) or
presence (TJ leaky) of lanthanum in intercellular spaces adjacent to 75 individual
TJs was quantified from WT and ZO-2�/� embryos.
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trafficking, and transcription factors or coregulators (20, 21, 31,
35, 36). The association of some of these regulatory proteins
may, in response to cell-cell adhesion cues, regulate cellular
proliferation and differentiation (reviewed in references 35 and
36). ZO proteins are not restricted to TJs or TJ-like structures,
but they are also found in gap junctions (25, 33, 42) and the
intercalating disc of cardiomyocytes (8). In gap junctions, ZO
proteins interact with connexins and possibly regulate connexin
trafficking and/or gap junction function (25, 33, 42).

With the exception of ZO-3, which is absent from endothe-
lial cells, ZO proteins are found in most organs of adult mam-
mals and are often coexpressed in particular tissues (26). The
relevance of three closely related ZO genes in mammals is
unclear. Ablation of ZO protein expression either in cell lines
or in mice, indeed, suggests a high degree of redundancy (1, 23,
37, 38, 48, 49). Although often conflicting, these results suggest
that individual ZO proteins may be largely dispensable for TJ
structure/function or that perhaps their relevance depends on
the cell type, extent of protein depletion, or experimental or
physiological conditions.

It can be speculated that minor defects in TJ structure or
function, as often observed if ZO protein expression is silenced
in cells under controlled tissue culture conditions, may lead to
more pronounced phenotypes under physiological stress. In
addition, the relevance of individual ZO proteins may depend
on a particular tissue and/or developmental stage of the or-
ganism. It is therefore important to explore the role of ZO
proteins in vivo. A first step in this direction has recently been
taken with the generation of ZO-3 KO mice (1). The mice
generated by Adachi et al., as well as the ZO-3-deficient mice
we present in this study, display no apparent phenotype, show-
ing that ZO-3 is dispensable in vivo. In contrast to the ZO-3
KO animals, however, we show embryonic lethality for ZO-
2�/� mice, providing for the first time evidence for a critical
and nonredundant role for a single ZO protein in mammalian
development.

During mouse development, the ZO-1�� splice variant is
incorporated into sites of cell-cell adhesion mediated by E-
cadherin at the compacted eight-cell embryonic stage (17).
ZO-2 is recruited at the 16-cell stage, and the ZO-1�� isoform,
cingulin, and Rab13 are incorporated around the 32-cell stage
(15). This expression pattern is broadly similar to that of hu-
man cleavage stages (18). During these later stages, TJs mature
by the segregation of the TJ components from the lateral
adherens junctions to establish a permeability barrier associ-
ated with blastocoel formation (14, 16, 17). Fluid pumped
across the trophectoderm accumulates in the blastocyst to
form the blastocoel cavity, a process that likely requires the
permeability barrier function of TJs (43). Since ZO-2�/� blas-
tocysts can implant into the uterine wall (this study), either
fluid accumulation is not required for implantation or ZO-2 is
not critical for barrier integrity of the trophectoderm at this
stage.

Following implantation, ZO-2-deficient embryos fail to com-
plete gastrulation. Embryonic lethality correlates with reduced
cell proliferation at E6.5 and increased apoptosis at E7.5, even-
tually resulting in resorption of the homozygous embryos. The
causes for the reduced cellular proliferation and the subse-
quent cell death are currently unclear, but they are a likely
cause for the defect in gastrulation. The finding that expression

of the mesoderm marker T is induced in EBs cultured in vitro
indicates that mesoderm induction per se may not require
ZO-2. Rather, due to the compromised proliferation and the
induction of apoptosis, ectoderm cells may never delaminate to
form the mesoderm (45).

Neither the localization nor the distribution of other TJ
markers (e.g., ZO-1 and ZO-3) is affected in ZO-2�/� em-
bryos. Also the distribution of E-cadherin and prominin to the
lateral or apical plasma membrane, respectively, is not visibly
altered, suggesting that in agreement with earlier studies in
MDCK and Eph4 cells (37, 48), apical-basal cell polarity is
maintained in the absence of ZO-2. However, given the altered
morphology of ZO-2�/� embryos and the high background
staining compared to tissue culture systems, it would be more
difficult to establish minor changes in distribution, as recently
reported for MDCK cell monolayers treated with ZO-2 siRNA
(23). As observed for ZO-2�/� embryos, membrane polarity
and the localization of TJ markers are normal in ZO-2-defi-
cient EBs.

Based on the absence of pronounced electron-dense apical
junctional plaques, the structural integrity of TJs in ZO-2�/�

embryos may be compromised. Although at present we do not
know if the lack of electron-dense plaques correlates with an
absence of TJ strands, as observed in freeze fractures, strands
were still found in Eph4 cells where ZO-2 expression was
ablated and were lost only in the absence of both ZO-2 and
ZO-1 (48). Epithelial-like visceral endoderm ZO-3�/� cells
retained a normal molecular TJ architecture even when ZO-2
expression was suppressed (1). On the other hand, silencing of
ZO-2 in MDCK cells has been reported to result in widened
intercellular spaces and increased paracellular permeability
(23). Furthermore, nuclear sequestration of ZO-2 has been
linked to a reduced junctional stability in MDCK cells (46).
Recent evidence also indicates that permeability to ions and
larger tracers may not be coupled but may depend on different
pathways (22). Considering the large variability of effects on TJ
function following depletion of ZO-2 in cultured cells, it is
perhaps not surprising that ZO-2�/� embryos but not EBs
showed apparent structural alterations in TJ morphology and
an increased permeability to lanthanum. Given the role of TJs
in maintaining unique tissue compartments, developmental ar-
rest may be linked to a defective permeability barrier between
the endoderm and the uterine tissue and/or the ectoderm and
the proamniotic cavity. Selective alterations in the permeability
to specific ions could profoundly affect embryo viability in
utero, without being of apparent consequence for cultured
EBs. Alternatively, the diffusion of secreted morphogens such
as members of the Wnt or transforming growth factor � su-
perfamily may be affected due to changes in tissue permeabil-
ity, preventing the establishment of gradients required for con-
tinued embryonic development. However, while the absence of
ZO-2 may affect TJ barriers in the embryo but not in cultured
EBs, we cannot rule out that the observed leakiness in ZO-
2�/� embryos is due to a general cellular deterioration as a
result of the decreased proliferation and enhanced apoptosis
observed between E6.5 and E7.5.

In addition to a role in TJs, ZO-2 may also regulate gap
junctions. ZO proteins are known to bind connexins (19, 30)
and have been implicated in the regulation of connexin local-
ization and gap junction formation, localization, and size (25,

1676 XU ET AL. MOL. CELL. BIOL.



33, 42). ZO-2 associates with connexin 43 (Cx43) (44) and,
based on colocalization, possibly with other connexins (32).
Although gap junctional coupling is critical for blastocyst de-
velopment (5, 7, 34) and Cx43 contributes to gap junctions
during the compaction stage (4, 51), mice with a targeted
inactivation of Cx43 develop to full term (41). Several other
connexins (i.e., Cx30.3, Cx31, Cx31.1, Cx40, and Cx45) are also
expressed in the pre- and postimplantation embryo (10) and
may compensate for the loss of Cx43. Given the possible in-
teraction of ZO-2 with several different connexins, gap junc-
tion coupling may be more severely affected in ZO-2�/� em-
bryos than in embryos that lack a single connexin.

Finally, defects in the regulation of gene expression could
contribute to embryonic lethality of ZO-2�/� embryos. ZO
proteins associate with different transcription factors and reg-
ulate gene expression (28, 35). ZO-2, in particular, shuttles
between the nucleus and cytoplasm (28, 29) and interacts with
several transcription factors, including c-myc (24), Jun, Fos,
and CCAAT/enhancer-binding protein (6). In the case of c-
myc, ZO-2 controls the expression of cyclin D1, an important
regulator of cell proliferation (24). Alterations in the coordi-
nated expression of genes during development may lead to
patterning defects, which often result in embryonic lethality.

Whether the absence of ZO-2 affects paracellular TJ per-
meability, gap junction connectivity, and/or gene expression,
the observation that ZO-2�/� ESCs can contribute to the gen-
eration of viable chimeric mice (data not shown) implies that
ZO-2 may be more critical for extraembryonic functions during
early embryonic development than for development of the
embryo proper. Indeed, ZO-2�/� ESCs can contribute highly
to viable adult chimeras, as evidenced by up to 100% agouti
coat color. In these chimeric mice, up to 95% of the cells in a
specific tissue may lack ZO-2 expression compared to control
tissues. Given the epithelial nature of the trophectoderm (54),
a requirement for ZO-2 in extraembryonic development is not
unexpected.

In summary, while the absence of ZO-3 does not affect
embryonic development, embryos lacking ZO-2 fail to com-
plete gastrulation due to loss of cell proliferation and increased
cell death. Embryonic lethality of ZO-2�/� mice likely results
from an extraembryonic requirement for ZO-2 rather than a
requisite for development of the embryo proper. ZO-2 there-
fore exerts a critical function at this developmental stage that
cannot be compensated by endogenous ZO-1 or ZO-3, which
are also expressed at the egg cylinder stage.
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