
Introduction
In vertebrate epithelial cells, tight junctions (TJs) form a
circumferential apical belt that acts as a barrier that controls
paracellular permeability across epithelial sheets and a fence
that maintains plasma-membrane polarity. TJs contain several
types of transmembrane molecule, including tetraspan
membrane proteins and Ig-like adhesion molecules, which
mediate cell-cell adhesion and constitute the paracellular
channels through which ions, water, molecules and cells
permeate epithelial sheets. The cytoplasmic face of TJs
consists of a complex network of proteins, including PDZ-
domain-containing proteins, evolutionarily conserved polarity
determinants, cytoskeletal adaptors, small GTP-binding
proteins, protein kinases and phosphatases (for reviews, see
Citi, 2001; D’Atri and Citi, 2002; Gonzalez-Mariscal et al.,
2003; Tsukita et al., 2001). In addition, the recent identification
of transcription factors as TJ components (Balda and Matter,
2000; Betanzos et al., 2004; Nakamura et al., 2000) points to
TJs as platforms that integrate signals between neighboring
cells and the nucleus to coordinate cell growth and
differentiation (Matter and Balda, 2003).

The clarification of the molecular organization of TJs should
provide a rational basis for understanding how these junctions
carry out their diverse functions. Some genetic evidence for a
role of junctional proteins in TJ organization and epithelial
function in vertebrates has recently emerged. With regard to
integral membrane components of TJs, we know that targeted
deletion of occludin in mouse embryonic stem (ES) cells
results in embryoid bodies (EBs) with morphologically and
functionally normal TJs (Saitou et al., 1998), and occludin
deletion resulted in viable mice with a complex pathological
phenotype (Saitou et al., 2000). Mutations of claudin-11 (Gow
et al., 1999), claudin-16/paracellin-1 (Hirano et al., 2000;
Simon et al., 1999), claudin-14 (Ben-Yosef et al., 2003; Wilcox
et al., 2001) and claudin-5 (Nitta et al., 2003) result in
pathological phenotypes that appear to be confined to the
tissues in which these isoforms are expressed. Claudin-1-
knockout mice display an early postnatal lethal phenotype,
owing to transepidermal water loss (Furuse et al., 2002). By
contrast, genetic evidence for a role of the cytoplasmic protein
components of vertebrate TJs is limited. Deletion of AF-
6/afadin, a protein believed to be associated with both TJs and
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Cingulin, a component of vertebrate tight junctions,
contains a head domain that controls its junctional
recruitment and protein interactions. To determine
whether lack of junctional cingulin affects tight-junction
organization and function, we examined the phenotype of
embryoid bodies derived from embryonic stem cells
carrying one or two alleles of cingulin with a targeted
deletion of the exon coding for most of the predicted head
domain. In homozygous (–/–) embryoid bodies, no full-
length cingulin was detected by immunoblotting and no
junctional labeling was detected by immunofluorescence.
In hetero- and homozygous (+/– and –/–) embryoid bodies,
immunoblotting revealed a Triton-soluble, truncated form
of cingulin, increased levels of the tight junction proteins
ZO-2, occludin, claudin-6 and Lfc, and decreased levels of
ZO-1. The +/– and –/– embryoid bodies contained epithelial
cells with normal tight junctions, as determined by freeze-
fracture and transmission electron microscopy, and a biotin
permeability assay. The localization of ZO-1, occludin and
claudin-6 appeared normal in mutant epithelial cells,

indicating that cingulin is not required for their junctional
recruitment. Real-time quantitative reverse-transcription
PCR (real-time qRT-PCR) showed that differentiation of
embryonic stem cells into embryoid bodies was associated
with up-regulation of mRNAs for several tight junction
proteins. Microarray analysis and real-time qRT-PCR
showed that cingulin mutation caused a further increase in
the transcript levels of occludin, claudin-2, claudin-6 and
claudin-7, which were probably due to an increase in
expression of GATA-6, GATA-4 and HNF-4α, transcription
factors implicated in endodermal differentiation. Thus,
lack of junctional cingulin does not prevent tight-junction
formation, but gene expression and tight junction protein
levels are altered by the cingulin mutation.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/117/22/5245/DC1
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adherens-type junctions, leads to an early embryonic lethal
mouse phenotype, with loss of neuroepithelial polarity (Ikeda
et al., 1999; Zhadanov et al., 1999). Nothing is known about
the consequences of a genetically targeted mutation of any
other TJ cytoplasmic component.

Cingulin is a 140-160-kDa protein component of the
cytoplasmic plaque of vertebrate TJs that was originally
identified as an actomyosin-associated protein (Citi et al.,
1988). Cingulin might play an important role in the biology of
vertebrate epithelia, because it is one of the first proteins that
assembles into TJs in early vertebrate embryos (Cardellini et
al., 1996; Fesenko et al., 2000; Fleming et al., 1993). The
cingulin sequence predicts that the molecule is a parallel
homodimer, made by two subunits that consist of a central
coiled-coil rod domain that separates a large, globular N-
terminal head domain and a small, globular C-terminal tail
(Cordenonsi et al., 1999a). The head domain controls
junctional recruitment and mediates direct in vitro interaction
with the TJ proteins ZO-1, ZO-2, JAM-1 and actin, through
sequences located in its N-terminal half (Bazzoni et al., 2000;
Cordenonsi et al., 1999a; D’Atri and Citi, 2001; D’Atri et al.,
2002). The rod domain mediates dimerization, interaction with
myosin and possibly intramolecular interaction (Citi et al.,
2000; Cordenonsi et al., 1999a). In vivo, cingulin forms a
complex with ZO-1, ZO-2 (Cordenonsi et al., 1999a) and JAM-
1 (Bazzoni et al., 2000), suggesting that it might functionally
link TJ proteins to the actomyosin cytoskeleton during TJ
biogenesis and regulation.

Here, we report a genetic approach to dissect the role of
cingulin at TJs. Because the head domain is crucial for the
junctional localization and protein interactions of cingulin, we
constructed targeting vectors designed to delete the exon that
codes for most of the putative head region sequence, in mouse
ES cells, resulting in TJs that lack cingulin. Characterization
of EBs obtained from wild-type (+/+), heterozygous (+/–) and
homozygous mutant (–/–) ES cells shows that cingulin
mutation did not perturb the formation of TJs but altered the
expression of certain TJ proteins and transcription factors.

Materials and Methods
Antibodies
Antibodies against the following proteins were used. Cingulin: Zymed
36-4401, C532 (Cardellini et al., 1996), Zymed 37-4300. ZO-1: Zymed
61-7300, R40-76 (B. Stevenson, Salk Institute, USA) (Stevenson et al.,
1986). ZO-2: Zymed 71-1400, Santa Cruz Biotechnology H-110. ZO-
3: Santa Cruz Biotechnology H-130. Occludin: Zymed 71-1500.
Claudin-6: (S. Tsukita and M. Furuse, Kyoto University, Japan). JAM-
1: (D. Vestweber, University of Münster, Münster, Germany) (Ebnet et
al., 2000). PAR-3: Zymed 36-2301. Lfc and Ybx3 (ZONAB): B4/7 and
YB3 (K. Matter and M. Balda, University College London, London,
UK) (Balda and Matter, 2000; Benais-Pont et al., 2003). α-Tubulin:
(T. Kreis, University of Geneva, Switzerland). Horseradish-peroxidase
(HRP)-labeled antibodies for immunoblotting (ECL) were from
Promega. Fluorescein isothiocyanate (FITC)- and Cy5-labeled
antibodies for immunofluorescence were from Jackson
Immunoresearch Laboratories.

Cell culture and EB formation
Mouse ES cells (clone D3) were cultured on embryonic feeder cells
in Dulbecco’s modified Eagle’s medium (Sigma) containing 15% fetal
bovine serum (FBS), 4 mM L-glutamine, 1 mM sodium pyruvate, 1×

MEM non-essential amino acids, 50 µg ml–1 gentamycin, 0.1 mM 2-
mercaptoethanol and 1000 U ml–1 leukemia inhibitor factor (LIF).
Every 2-3 days, the cultures were passaged (1:10). For cystic EB
formation, 0.7×106 ES cells were cultured on gelatin-coated 10-cm
culture dishes for 3 days in normal LIF-containing medium. 2×106

cells were then inoculated into a 10-cm non-tissue-culture-treated
dish, preventing cell attachment. EBs were grown in suspension
culture for 10 days in the absence of LIF. To control for possible
clone-related differences in phenotype, two independent clones of
wild-type (WT1 and WT2), heterozygous (+/–) (1;166 and 1;10), and
homozygous (–/–) (3;4 and 3;96) cells were used in each experiment.
The six clones were cultured in parallel and were of similar passage
number, to minimize the influence of culture conditions and passage
number on the results.

Gene targeting
Fragments of the genomic locus encoding mouse cingulin were isolated
from a phage of a λFixII 129/Sv mouse genomic library (J. Ripperger,
University of Geneva, Switzerland), screened with a fragment of human
cDNA encoding the cingulin head, and by restriction digestion from a
RPCI23 bacterial artificial chromosome clone (4p7). The putative exon
organization of the mouse cingulin-encoding gene (chromosome 3)
is available at http://www.ncbi.nlm.nih.gov/sutils/evv.cgi?contig=
NT_080250&gene=Cgn&lid=70737&taxid=10090. By analogy with
the organization of the human cingulin-encoding gene and cDNA
sequence, we hypothesize that the putative exon 2 identified in the
genomic fragment corresponds to the first coding exon. To construct
the first targeting vector, a neomycin-resistance (Neo) cassette (1.9
kb) was isolated by KpnI-XbaI digestion of plasmid pHR-68 (F. Spitz,
University of Geneva, Switzerland) and was ligated with a 2.4 kb
XbaI-EcoRV fragment of the cingulin-encoding gene (right arm,
downstream of exon 2) into plasmid pKS+, which was cut with KpnI
and EcoRV. The Neo cassette and right arm were excised from this
construct by digestion with KpnI and NotI, and ligated with a 5.5 kb
XhoI-KpnI fragment (left arm, upstream of exon 2) into pKS+, which
was cut with XhoI and NotI, to obtain the Neo targeting vector. A
second targeting vector was constructed using the same strategy,
except that a hygromycin resistance cassette (2.2 kb) was isolated by
digestion of plasmid pSK-Hygro (F. Spitz). The targeting vectors were
linearized by NotI digestion and 10 µg DNA was used to electroporate
ES cells (107), using a Gene Pulser (BioRad) at 400 V, 125 µF for 2-
2.5 milliseconds. After 48 hours, cells were selected in antibiotic-
containing medium (200 µg ml–1 neomycin and/or 150 µg ml–1

hygromycin) for 7 days. Antibiotic-resistant colonies were collected,
expanded into 48-well plates, duplicated and inoculated into 24-well
gelatin-coated plates. When confluent, cells were rinsed with PBS (10
mM Na2HPO4, 1.7 mM KH2PO4, 136 mM NaCl, 2.6 mM KCl, pH
7.4) and lysed in 0.5 ml lysis buffer [50 mM Tris-HCl, pH 8.0, 100
mM NaCl, 10 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), 100
µg ml–1 proteinase K] for 24 hours at 37°C.

Genomic Southern blot analysis
For DNA isolation, lysates were extracted in 0.2 M NaCl and phenol
(1:1 phenol/chloroform:aqueous phase). Genomic DNA samples were
digested with either ApaI (16 hours, 25°C) or EcoRI (16 hours, 37°C),
electrophoresed on 0.65% agarose gels and transferred to positively
charged nylon membranes (Roche). Blots were hybridized with
digoxygenin (DIG)-labeled probes generated by PCR. The 3′ probe
(727 bp) was obtained using the primers 5′-AGATTTCTCTCCCATA-
CATATATAT-3 ′ and 5′-ATTATTGCAGGCTTGGCAGGG-3′, and
was used for analysis of ApaI genomic digests. The 5′ probe was
obtained using the primers 5′-AGAAAATGAAGATCTCGGCTCTG-
3′ and 5′-CTCGAGCATACTCCTGAGGAC-3′ followed by digestion
with SacII. The resulting 294 bp fragment was used for analysis of
EcoRI genomic digests. Targeted clones were also checked for single
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integration by hybridization with either an 803 bp neo probe or a 310
bp hygro probe (Fig. 1).

Preparation of cell lysates
EBs were washed twice with PBS containing 1 mM CaCl2 and 0.5
mM MgCl2, and lysed for 15 minutes with ice-cold lysis buffer (150
mM NaCl, 50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 5 µg ml–1

antipain, 5 µg ml–1 leupeptin, 5 µg ml–1 pepstatin, 0.1 mM
phenylmethylsulfonyl fluoride). Lysates were centrifuged at 13,000 g
for 15 minutes at 4°C and the supernatant (Triton-soluble fraction)
was collected. The pellet was resuspended and incubated for 15
minutes in lysis buffer containing 1% SDS. Following centrifugation,
the supernatant (Triton-insoluble fraction) was collected.

Immunoblotting
SDS polyacrylamide-gel electrophoresis (SDS-PAGE) gels were
transferred to nitrocellulose membranes by semi-dry blotting and
processed as previously described (D’Atri et al., 2002), except that
secondary antibodies were HRP coupled. Protein loadings were
normalized using as internal standard endogenous α-tubulin.
Immunoblots were developed by an enhanced chemiluminescence kit
(Pierce). Autoradiograms were scanned and analysed with the BioRad
QuantityOne software.

cRNA preparation and microarray analysis
Total RNA was isolated from cytoplasm of three independent
preparations of EBs from wild-type (WT1) and cingulin homozygous
(–/–) (3;4) clones, using the RNeasy mini kit (Qiagen). Reverse
transcription was performed on 15 µg total RNA for 1 hour at 42°C
using a T7-oligo (dT)24-primer and Superscript II Reverse
Transcriptase (Gibco). Second-strand cDNA synthesis was for 2 hours
at 16°C using Escherichia coliDNA polymerase I, DNA ligase and
RNase H (Gibco), followed by incubation with T4 DNA Polymerase
(Gibco) for 5 minutes at 65°C. After phenol/chloroform extraction, in
vitro transcription was performed for 4 hours at 37°C, using Bio-16-
UTP, Bio-11-CTP and T7 RNA Polymerase (Enzo, New York, NY).
cRNA was purified using RNeasy (Qiagen) followed by fragmentation
for 35 minutes at 95°C. For RNA quality control, 4.5 µg labeled cRNA
were run on Test3 arrays (Affymetrix). The Affymetrix Mouse 430A

expression arrays (contains probe sets against 14,484 well-annotated
full-length genes, 4371 expressed sequence tag sequences and 3771
non-expressed-sequence-tag sequences) were hybridized with 12 µg
labeled cRNA for 16 hours at 45°C under rotation and stained in an
Affymetrix Fluidics station with streptavidin-phycoerythrin, followed
by staining with a biotinylated anti-streptavidin antibody and
streptavidin-phycoerythrin. The arrays (three per sample) were
scanned with a GeneCHIP scanner, and data were analysed with the
Affymetrix statistics-based software MAS-5.0. Fold changes were
calculated by dividing the expression level of each individual gene in
cingulin homozygous (–/–) EBs (3;4) by the expression level of the
same gene in wild-type EBs (WT1). A significant change was defined
as a fold increase or decrease that had the same value in the nine
comparisons obtained from three microarrays of wild-type EBs and
three microarrays of cingulin homozygous (–/–) EBs, and when the P
value was below 0.05 (in a Student’s t test). Data are presented as
means from the nine cross comparisons.

Real-time quantitative reverse-transcription PCR
For real-time quantitative reverse-transcription PCR (real-time qRT-
PCR), total RNA was prepared from three independent cultures of
each of the six ES cell clones and EBs using the RNeasy mini kit
(Qiagen). cDNA synthesis was achieved with 1-2 µg of total RNA
using the iScript cDNA synthesis kit (BioRad). SYBR-Green-based
real-time PCR was used to measure relative gene expression in each
sample. Each master mix (25 µl) contained a single gene-specific
primer set (forward and reverse, 2.5 µM) (Table 1), 20 ng of cDNA,
10 nM fluorescein calibration dye and 2×-SYBR-Green PCR
mastermix (Applied Biosystems). Assays were carried out using 96-
well plates. Each experimental sample was assayed using three
replicates for each primer, including the HPRT-specific primer that
was used as an internal standard. Negative controls lacking the cDNA
template were run with every assay to assess specificity. Gene-specific
primer sets were designed using PrimerExpress sofware (Applied
Biosystems) and are listed in Table 1. Full-length cingulin expression
was analysed with primers within the head region. ZO-1mRNA was
amplified with primers within or outside the α domain, to analyse
separately the expression of ZO-1α+ and ZO-1α–, two isoforms that
are expressed differently during mouse development and in adult
tissues (Balda and Anderson, 1993; Sheth et al., 1997; Willott et al.,
1992). The real-time fluorescence signal was analysed using the

Fig. 1.Targeting of cingulin alleles by homologous
recombination in mouse ES cells. (A) Restriction maps of
the cingulin genomic locus [wild-type (WT) allele] and the
neomycin (Neo) and hygromycin (Hyg) targeting vectors.
Putative exons 2-5 are represented by black boxes. A 1.98
kb KpnI-XbaI fragment beginning 775 bp upstream of the
ATG translation start codon and ending 353 bp
downstream of the 3′ end of exon 2 was replaced by a
neomycin-resistance cassette in the first targeted allele and
by a hygromycin resistance cassette in the second targeted
allele. In the targeting vectors, the antibiotic resistance
cassettes were flanked on the 5′ side by a 5.5 kb XhoI-
KpnI intron fragment (left arm) and on the 3′ side by a 2.4
kb XbaI-EcoRV fragment (right arm) containing intronic
sequences and exons 3-5. Positions of the 5′ and 3′ probes,
and the neomycin and hygromycin probes used for
Southern-blot analyses are shown as thick lines. A, ApaI;
E, EcoRI; E5, EcoRV; K, KpnI; Xb, XbaI; Xh, XhoI.
(B-G) Southern-blot analysis. Restriction endonucleases
used for digestions are indicated beneath each blot.
Genotypes and probes are indicated above each blot. Sizes
(kb) of hybridizing bands are indicated on the left.
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iCycler iQ software v3.0 (BioRad). The cycling conditions were: one
cycle at 95°C for 10 minutes, followed by 40 cycles of PCR
amplification, each consisting of 95°C for 15 seconds and 60°C for
45 seconds. To identify specific PCR products, melting-curve analysis
was performed by heating the reaction mixture from 60°C to 95°C at
a rate of 0.5°C per 10 seconds. A threshold cycle (Ct) was determined
for each sample using the exponential-growth phase and the baseline
signal from fluorescence versus cycle number plots. PCR assays that
showed non-specific products at the end point were excluded from
further data analysis. ∆Ct values were obtained by subtracting the Ct
value of the housekeeping gene HPRT from the Ct value for each
indicated gene. Each ∆Ct value represents the means±S.D. of three
independent experiments. ∆Ct values are shown in Supplementary
Table 1 (see Table S1 in supplementary material). ∆Ct averages for
each gene were calculated from ∆Ct values evaluated in the two clones
of the same genotype. ∆∆Ct were calculated as the differences in
∆Ct averages between wild-type (+/+), heterozygous (–/+) and
homozygous (–/–) EB and ES cells. Positive ∆∆Ct values indicate
more PCR cycles and therefore less mRNA. Conversely, negative
∆∆Ct values indicate more mRNA. The fold change was calculated
by 2–(∆∆Ct). No change (NC) was scored when P>0.05. Student’s t test
was performed using the GraphPad Prism software.

Immunofluorescence and confocal microscopy
EBs were fixed with 4% paraformaldehyde in 0.1 M sodium
phosphate, pH 7.4, equilibrated with 30% sucrose, embedded in
Tissue-Tek (Sakura, The Netherlands) and frozen in liquid nitrogen.
10 µm cryostat sections were dried onto SuperFrost Plus slides, fixed
in ethanol at 4°C for 30 minutes, followed by acetone at room
temperature for 1 minute. Incubations with primary and secondary
antibodies were for 45 minutes at 37°C. 1 µm optical sections were
imaged using a confocal fluorescence microscope (Zeiss LSM-510
Meta) equipped with a 63× (1.3 NA) objective.

Ultrathin-section electron microscopy
EBs were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2, containing 2 mM CaCl2 and postfixed with 1% OsO4,
0.8% K3Fe(CN)6 in the same buffer. Samples were embedded in Type-
VII agarose, stained en bloc with 4% uranyl acetate, dehydrated with
a graded ethanol series and 100% propylene oxide, and embedded in
Epoxy medium (Fluka). Ultrathin sections (70 nm) were stained with
saturated uranyl acetate and 2.5% lead citrate, and examined using a
Philips EM410 electron microscope. Measurements were carried out
on photographs (12-16 per sample) of lateral membranes cut
perpendicular to the apical surface of cells. TJ thickness was defined
as the distance between the most apical and basal focal membrane
interconnections.

Freeze-fracture electron microscopy
EBs were fixed for 60 minutes in 2.5% glutaraldehyde solution in 0.1
M phosphate buffer, pH 7.4, infiltrated with 30% glycerol, frozen
in Freon22 cooled in liquid nitrogen and processed for freeze-
fracture using a BAF300 machine (Balzers High Vacuum, Balzers,
Liechtenstein). Specimens were examined with a Philips CM10
electron microscope and photographs were taken at the magnification
of 39,000×. Quantitative analysis of the number of strands (the thread-
like mostly straight and parallel arrangements of TJ fibrils) per TJ belt
and of the length of TJ fibrils (the linear organization of particulate
transmembrane proteins running between two other similar structures)
was carried out using a ACECAD Professional graphic tablet
connected to a Quantimet Leica 500+ system (Leica, Cambridge,
UK). Statistical comparisons were carried out by analysis of variance
and median tests, as provided by the Statistical Package for Social
Sciences (SPSS, Chicago).

TJ permeability assay
The barrier function of epithelial cells of cystic EBs was studied using
the surface biotinylation technique (Chen et al., 1997) with
modifications (Saitou et al., 1998). Cryostat sections were labeled
with fluorescein-conjugated avidin (Pierce) and TRITC-phalloidin
(Sigma) to visualize surface biotin and actin filaments, respectively.

Results
Disruption of the cingulin-encoding gene by homologous
recombination
DNA corresponding to the cingulin-encoding locus was
isolated from a mouse genomic DNA library and used for
construction of targeting vectors. Several putative exons were
identified within a ~17 kb genomic DNA fragment (Fig. 1A).
We denoted exon 2 an 852 bp exon containing sequence
corresponding to the putative N-terminal region (residues 1-
284) of mouse cingulin. In human and Xenopuscingulin, the
sequences contained within this region are crucial for the
junctional recruitment of cingulin and its interactions with ZO-
1 and other proteins (D’Atri et al., 2002). Thus, targeted
deletion of this exon is expected to eliminate cingulin
localization to junctions. Two targeting vectors were designed
to replace exon 2 and adjacent sequences (775 bp upstream of
the ATG start codon and 353 bp downstream of the 3′ splice
site) with either a neomycin or a hygromycin antibiotic-
resistance cassette (Fig. 1A).

Wild-type (+/+) ES cells were transfected with the neomycin
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Table 1. Sequences of primers used in real-time qRT-PCR
Gene Forward primer Reverse primer

Cingulin 5′-CTAAACCGACTTCCTCGATTAA-3′ 5′-TGTTGATGAGCGAGTCCACTG-3′
ZO-1 α– 5′-CCCTACCAACCTCGGCCTT-3′ 5′-AACGCTGGAAATAACCTCGTTC-3′
ZO-1 α+ 5′-CGCCAAATGCGGTTGATC-3′ 5′-TTTACACCTTGCTTAGAGTCAGGGTT-3′
ZO-2 5′-AGCACGCCCTGCTCGAC-3′ 5′-TCACGATTGGAAACCACTGAGT-3′
ZO-3 5′-ACCCTATGGCCTGGGCTTC-3′ 5′-CCCGGGTACAACGTGTCC-3′
Claudin-2 5′-CCCAGGCCATGATGGTGA-3′ 5′-TCATGCCCACCACAGAGATAAT-3′
Claudin-6 5′-ATGTGGAAGGTGACCGCCT-3′ 5′-CCCTCCCACACCATCTGG-3′
Claudin-7 5′-CCTGGTGTTGGGCTTCTTAGC-3′ 5′-CCCACAGCGTGTGCACTTC-3′
Occludin 5′-CCAGGCAGCGTGTTCCT-3′ 5′-TTCTAAATAACAGTCACCTGAGGGC-3′
JAM-1 5′-AGCTCCCTATGCGGACCG-3′ 5′-CCTTCCGGGTCACAGAACTG-3′
PAR-3 5′-TTCCGCCAAGCTATGCGT-3′ 5′-CATATTGCTCCTTGTTTGCTGC-3′
Lfc 5′-TCACGCTGGATTATGTCTCGG-3′ 5′-CCTGCTCCTTGCTCCGGT-3′
Ybx3 5′-CGCCGTTCCCGTCCC-3′ 5′-TGGTGCTTCACCTGCCTTG-3′
HPRT 5′-TTTGCCGCGAGCCG-3′ 5′-TAACCTGGTTCATCATCGCTAATC-3′
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targeting vector, and 192 neomycin-resistant clones were
isolated. Southern-blot analysis of genomic DNA with
probes in the 5′ and 3′ flanking regions and the Neo cassette
showed that a homologous recombination event had
occurred in four clones, as judged by the generation of
restriction fragments of the expected size [Fig. 1B-D shows
two of these (+/–) clones]. To target the remaining wild-type
cingulin allele, one of the heterozygous (+/–) ES clones
(1;166) was transfected with the hygromycin targeting
vector. After selection, 192 clones were picked, and two
homozygous mutant (–/–) clones were isolated (3;4 and
3;96), as shown by Southern-blot analysis with 5′, 3′ and
hygromycin probes (Fig. 1E-G).

To study the effects of the cingulin mutation on the
structure and function of TJs, ES cells were induced to
differentiate into EBs under suspension culture conditions.
After 10 days, cystic EBs were obtained, which contained a
cavity filled with secreted fluid and an outer epithelial layer
of visceral endoderm (Fig. 3). Two independent wild-type
clones (WT1 and WT2), two independent heterozygous
(+/–) clones (1;10 and 1;166) and both homozygous (–/–)
clones (3;4 and 3;96) were used for subsequent experiments,
to control for possible clonal differences that might be
independent of the cingulin mutation.

Cingulin mutation is associated with changes in the
protein levels of ZO-1, ZO-2, claudin-6, occludin and
Lfc in EB lysates
Cingulin interacts with several TJ proteins, so we tested
whether the disruption of the cingulin-encoding gene
affected the expression level of TJ proteins. EB lysates were
fractionated into Triton-soluble (cytoplasmic) and Triton-
insoluble (membrane/cytoskeleton-associated) pools, and
were analyzed by immunoblotting with antibodies against
major membrane and cytoplasmic TJ components (Fig. 2).

The ~140 kDa full-length cingulin polypeptide was
detected at similar levels in both Triton-soluble and Triton-
insoluble fractions of (+/+) and (+/–) EBs, but not in (–/–)
EBs (Fig. 2, FL). However, anti-cingulin antibodies (which
cross-react with the rod domain) labeled a ~100 kDa
polypeptide in lysates of (+/–) and (–/–) EBs (Fig. 2, T). This
truncated protein was detected exclusively in the Triton-
soluble fraction, indicating that it is not part of the
cytoskeletal complex underlying the TJ membrane. In addition,
the cingulin rod sequence was detected by real-time qRT-PCR
in heterozygous and homozygous mutant EBs (data not
shown). This is consistent with aberrant initiation of translation
downstream of exon 2 in targeted clones, resulting in the
expression of a truncated cingulin. We observed a marked
decrease in the levels of ZO-1 (Stevenson et al., 1986) in both
Triton-soluble and Triton-insoluble fractions of heterozygous
(+/–) and homozygous (–/–) EBs (Fig. 2). In addition, the
levels of ZO-2 (Gumbiner et al., 1991) were slightly increased
in the Triton-insoluble fraction of heterozygous (+/–) and
homozygous (–/–) EBs (Fig. 2). By contrast, the levels of ZO-
3 (Haskins et al., 1998), JAM-1 (Martin-Padura et al., 1998),
PAR-3 (Izumi et al., 1998) and the Y-box-protein 3 [Ybx3; a
mouse homolog of the canine TJ component ZONAB (Balda
and Matter, 2000)], were very similar in both Triton-soluble
and Triton-insoluble fractions of (+/+), (+/–) and (–/–) EBs

(Fig. 2). Levels of claudin-6 (Morita et al., 1999) were
increased in the Triton-soluble fraction of both heterozygous
(+/–) and homozygous (–/–) EBs (Fig. 2). Claudin-6 was also
detectable, although at low levels, in the Triton-insoluble
fraction of the heterozygous (+/–) and homozygous (–/–) EBs
(Fig. 2). Occludin levels were also increased in heterozygous
(+/–) and homozygous (–/–) EBs in the Triton-soluble and,
particularly, the Triton-insoluble fraction (Fig. 2). The Rho-
specific exchange factor Lfc, whose canine homolog is a
component of TJs (Benais-Pont et al., 2003), was detectable
only in the Triton-insoluble fraction of (–/–) EB lysates (Fig.
2).

Cingulin-mutant EBs show increased levels of mRNAs
encoding claudin-2, claudin-6, claudin-7 and occludin
Cingulin mutation resulted in changes in the levels of ZO-1,

Fig. 2.Levels of ZO-1, ZO-2, claudin-6, occludin and Lfc proteins are
altered following cingulin mutation in EBs. Triton-soluble and Triton-
insoluble fractions of wild-type (+/+), heterozygous (+/–) and
homozygous (–/–) EBs (genotype and clone name indicated above each
lane) were analysed by SDS-PAGE and western blotting using
antibodies against the proteins indicated on the left. Anti-α-tubulin
signal was used to normalize protein loading. Numbers on the right
indicate size (kDa) of protein markers. FL, full-length cingulin (~140
kDa); T, truncated cingulin (~100 kDa). Densitometric analysis was
performed to measure protein levels when marked differences were
observed. The numbers below the cingulin, ZO-1, ZO-2, claudin-6 and
occludin lanes represent the signal intensity (mean of at least three
independent experiments, one of which is shown here) relative to an
arbitrary level of 1, corresponding to a reference lane for each set. ND,
not detected.
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ZO-2, claudin-6, occludin and Lfc, so we next asked whether
these altered protein levels were a consequence of altered
mRNA levels. First, we compared EBs derived from wild-type
(WT1) and homozygous (–/–) (3;4) ES cells by microarray
analysis, which allowed us to examine mRNA levels for most
TJ proteins. No significant change in mRNA levels was
detectable for ZO-1, ZO-2, ZO-3, JAM-1, PAR-3 or Lfc (Table
2). However, (–/–) EBs showed a significant increase in mRNA
levels for claudin-2 (~21-fold), claudin-6 (~2.4-fold), claudin-
7 (~3-fold) and occludin (~2.8-fold) (Table 2). No change was
detected for claudins 1 to 19 (NB claudin-12, claudin-17,
cingulin and Ybx3 were not included in the microarray; data
not shown).

Second, to explore mRNA expression levels using a more
quantitative method, two independent clones per genotype
were analysed by real-time qRT-PCR (Table 3). We focused on
the genes that showed variation by microarray analysis and for
which we had immunoblot data. RNA was prepared from both
ES cells and EBs in order to determine whether gene
expression changed with differentiation. For each gene, ∆Ct
values were determined, corresponding to mRNA levels that
were normalized to the housekeeping gene HPRT. In each set
of samples, the ∆Ct values of the two clones of each genotype
were similar (see Table S1 in supplementary material),

indicating that differences between (+/+) and (–/–), and those
between (+/+) and (+/–) cells were not due to a clonal variation.
∆Ct averages could then be calculated between clones of each
genotype, followed by determination of ∆∆Ct values. This
allowed us to calculate the fold change in mRNA levels
between the different genotypes (Table 3).

When comparing wild-type and mutant ES cells, the only
significant difference in mRNA levels was detected for
cingulin (Table 3A). In (+/–) ES cells, there was a ~1.9-fold
decrease in the message levels of full-length cingulin. In (–/–)
ES cells, there was no detectable cingulin message, consistent
with the expected loss of expression of the wild-type cingulin
molecule. When comparing wild-type and mutant EBs,
mRNA coding for full-length cingulin was undetectable in
(–/–) EBs, whereas, in heterozygous (+/–) EBs, cingulin-
encoding mRNA levels were similar to wild-type EBs (Table
3B). Furthermore, both (+/–) and (–/–) EBs featured increased
mRNA levels of claudin-2 [~15.3-fold in (+/–) and ~19.4-fold
in (–/–)], claudin-6 [~2.5-fold in (+/–) and ~2.3-fold in (–/–)],
claudin-7 [~3.9-fold in (+/–) and ~3.7-fold in (–/–)] and
occludin [~3.1-fold in (+/–) and ~2.9-fold in (–/–)] (Table 3B).
By contrast, no significant change in mRNA levels was
observed for any of the other genes that were examined. Thus,
microarray analysis data were quantitatively equivalent to
real-time qRT-PCR. By comparing data for wild-type ES cells
and EBs, we found that the differentiation of totipotent ES
cells into EBs was associated with an increase in mRNA levels
of all of the TJ proteins we analysed except for Ybx3 (Table
3C). Thus, in wild-type clones, the mRNA levels increased
for claudin-2 (~69.1-fold), claudin-6 (~19.7-fold), claudin-7
(~26.5-fold), occludin (~10.2-fold) and JAM-1 (~8.6-fold), as
well as for cingulin (~3.9-fold), ZO-1 (~2.4-fold), ZO-2 (~2.8-
fold), ZO-3 (~2.2-fold), PAR-3 (~2.8-fold) and Lfc (~2.9-fold)
(Table 3C).

Because the epithelial cells of the outer layer of cystic EBs
correspond to visceral endoderm (Doetschman et al., 1985), we
determined by microarray analysis the mRNA levels of some
genes involved in the transcriptional cascade that controls the
differentiation of this embryonic layer (Morrisey et al., 1998).
As shown in Table 4, mRNA levels for the transcription factors
GATA-6, GATA-4 and HNF-4α, and some of their known
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Table 2. Homozygous (–/–) cingulin-mutant EBs feature
selective changes in the expression of some TJ genes

Gene GenBank accession number Change* (–/– vs +/+)

Cingulin P59242 ND
ZO-1 NM_009386 NC
ZO-2 NM_011597 NC
ZO-3 NM_013769 NC
Claudin-2 BC015252 21-fold increase
Claudin-6 BC005718 2.4-fold increase
Claudin-7 BC008104 3.0-fold increase
Occludin NM_008756 2.8-fold increase
JAM-1 BC021876 NC
PAR-3 NM_033620 NC
Lfc U28495 NC

*P<0.05; NC, no change (P>0.05); ND, not detected.

Table 3. Real-time qRT-PCR on wild-type (+/+), heterozygous (+/–) and homozygous (–/–) clones
A: B: C: Differentiation 

ES cells EBs of wild-type 
+/– vs +/+ –/– vs +/+ +/– vs +/+ –/– vs +/+ ES cells into EBs

Gene ∆∆Ct Fold change* ∆∆Ct Fold change* ∆∆Ct Fold change* ∆∆Ct Fold change* ∆∆Ct Fold change*

Cingulin 0.92±0.32 ↓ 1.9 ND ↓ Total –0.30±0.26 NC ND ↓ Total –1.97±0.32 ↑ 3.9
ZO-1 α– 0.43±0.10 NC 0.22±0.11 NC –0.38±0.19 NC –0.33±0.21 NC –1.25±0.19↑ 2.4
ZO-1 α+ 0.31±0.14 NC 0.16±0.12 NC –0.28±0.11 NC –0.18±0.13 NC –1.27±0.11↑ 2.4
ZO-2 0.35±0.15 NC 0.25±0.15 NC –0.08±0.12 NC –0.03±0.15 NC –1.47±0.12↑ 2.8
ZO-3 –0.35±0.32 NC –0.42±0.25 NC –0.35±0.17 NC –0.20±0.14 NC –1.13±0.25↑ 2.2
Claudin-2 –0.16±0.22 NC 0.22±0.25 NC –3.94±0.41 ↑ 15.3 –4.28±0.36 ↑ 19.4 –6.11±0.26 ↑ 69.1
Claudin-6 –0.33±0.23 NC –0.33±0.30 NC –1.35±0.14 ↑ 2.5 –1.23±0.16 ↑ 2.3 –4.30±0.22 ↑ 19.7
Claudin-7 –0.25±0.21 NC –0.28±0.22 NC –1.98±0.09 ↑ 3.9 –1.88±0.22 ↑ 3.7 –4.73±0.17 ↑ 26.5
Occludin –0.08±0.12 NC –0.05±0.12 NC –1.62±0.32 ↑ 3.1 –1.55±0.25 ↑ 2.9 –3.35±0.18 ↑ 10.2
JAM-1 –0.05±0.06 NC 0.07±0.13 NC –0.25±0.20 NC –0.48±0.25 NC –3.10±0.14↑ 8.6
PAR-3 0.07±0.15 NC 0.00±0.17 NC –0.43±0.20 NC –0.15±0.14 NC –1.50±0.21↑ 2.8
Lfc 0.09±0.12 NC 0.07±0.13 NC 0.08±0.22 NC –0.22±0.19 NC –1.53±0.20↑ 2.9
Ybx3 –0.13±0.12 NC –0.15±0.09 NC 0.30±0.15 NC 0.22±0.10 NC –0.18±0.08 NC

*P<0.05; NC, no change (P>0.05); ND, not detected; arrows indicate up- or downregulation of gene expression.
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downstream targets (α-fetoprotein, transferrin, ApoAI and
ApoAIV) were significantly increased above wild-type values
in cingulin homozygous (–/–) EBs.

Wild-type and cingulin-mutant epithelial cells form
structurally normal TJs within EBs
Wild-type and cingulin-mutant ES cells formed colonies and
EBs that appeared similar with regard to growth rate, size and
light microscopy morphology (data not shown). Transmission
and freeze-fracture electron microscopy were used to assess TJ
ultrastructure in cystic EBs. Transmission electron microscopy
showed that cystic EBs were lined by an outer layer of visceral
endoderm epithelial cells, characterized by apical microvilli
projecting into the external medium (Fig. 3A). Occasionally,
an inner layer consisting of flattened cells was detected below
the epithelial cells (Fig. 3A). No TJs were detected by
transmission electron microscopy in this layer.

Transmission and freeze-fracture electron microscopy
showed typical TJs in the apical regions of the outer layer of
epithelial cells (visceral endoderm) in wild-type (Fig. 3B,
Fig. 4B,E), heterozygous (+/–) (Fig. 3C, Fig. 4C,F) and
homozygous (–/–) (Fig. 3D, Fig. 4D,G) cystic EBs.
Irrespective of the genotype, TJs were organized both as
continuous belts, comprising three to five parallel strands
spanning long portions of the cell membrane and interlinked
by few fibrils (Fig. 4A-D), and as focal arrays, comprising
intermingled fibrils that delineated small membrane domains
(Fig. 4A,E-G). Quantitative analysis failed to show major
differences between the thickness of TJ complexes (typically
0.4-0.6 µm), the number of strands per belt (typically three to
five) or the individual fibril length in both focal arrays and belts
(typically 0.4-0.5 µm) (Table 5).

Cingulin mutation alters neither the junctional
localization of ZO-1, occludin and claudin-6 nor the
permeability of TJs in cystic EBs
To determine the subcellular distribution of TJ proteins,
frozen sections of EBs of each of the six clones were
immunofluorescently labeled. Of the available antibodies, only
those against cingulin, ZO-1, occludin and claudin-6 resulted
in specific junctional labeling of the outer layer (visceral
endoderm) of epithelial cells lining the cavities of cystic EBs
(Fig. 5A-C). No junctional labeling was observed either in
other regions of cystic EBs or in non-cystic EBs.

Labeling for cingulin (Fig. 5A,B, green channel) was
detected in all wild-type (+/+) and heterozygous (+/–) EBs at
areas of contact between adjacent cells of the epithelial layer
lining the cavities of cystic EBs. As shown by merged images,
cingulin was precisely co-localized with ZO-1 (Fig. 5A, red
channel) and occludin labeling (Fig. 5B, red channel). The
intensities of occludin and ZO-1 labeling were similar in wild-
type and mutant EBs, despite the observation that protein levels
were altered in mutant EBs by immunoblot analysis (Fig. 2).
Labeling of EB sections with anti-claudin-6 antibodies
revealed co-localization with ZO-1 at areas of cell-cell contact,
and no obvious changes in fluorescent label intensity were
observed between wild-type and mutant EBs (Fig. 5C). In
homozygous (–/–) EBs, no cingulin labeling was detected at
the cell border (Fig. 5A,B, –/–), whereas ZO-1, occludin and
claudin-6 labeling were indistinguishable from those of wild-
type EBs. Despite the observation that a truncated form of
cingulin is detectable by immunoblotting in the Triton-soluble
fraction of heterozygous (+/–) and homozygous (–/–) EBs (Fig.
2), we could not unambiguously detect cytoplasmic labeling
above background in the heterozygous (+/–) and homozygous
(–/–) EBs (Fig. 5A,B, –/–).

To evaluate the permeability of TJs in cystic EBs, we used
the covalent cross-linker NHS-LC-Biotin, which binds to
proteins on accessible cell surfaces (Chen et al., 1997). EBs
from wild-type, heterozygous (+/–) and homozygous (–/–) ES
clones showed biotin labeling only on apical surfaces (Fig.
5D), indicating that functional TJs, impermeable to the
compound, exist in all these EBs. Labeling of actin filaments
with TRITC-phalloidin was intense on the apical membrane
and along cell-cell borders, and was similar in wild-type and
mutant EBs (Fig. 5D).

Discussion
The objective of the present study was to determine whether
lack of junctional cingulin affects TJ organization and what are
the functional consequences of a targeted deletion of the
cingulin head domain in epithelial cells. The results
demonstrate that lack of junctional cingulin does not prevent
TJ formation, and that EBs lacking full-length cingulin and
expressing a truncated form of cingulin display altered levels
of some TJ proteins and altered expression of TJ-related genes
and genes involved in endodermal differentiation.

The cingulin sequence that was deleted by homologous
recombination has a crucial role in the junctional recruitment
of cingulin and its interactions with other proteins (D’Atri
et al., 2002). No full-length cingulin was expressed in
homozygous (–/–) EBs, and a truncated form of cingulin was
detected in heterozygous (+/–) and homozygous (–/–) EBs.
Immunofluorescence analysis revealed no junctional
localization of cingulin in homozygous (–/–) epithelial cells,
confirming that the truncated protein is not recruited to
junctions, in agreement with previous observations
(Cordenonsi et al., 1999a; D’Atri et al., 2002). Furthermore,
only full-length cingulin was detectable in the Triton-insoluble
fraction of EBs, providing biochemical evidence that the
truncated protein is cytoplasmic. Our inability to detect specific
cytoplasmic labeling in epithelial cells of heterozygous (+/–)
and homozygous (–/–) EBs could be due to some loss of the
protein upon cell permeabilization and the difficulty in

Table 4. Homozygous (–/–) cingulin-mutant EBs show
changes in the expression of some genes involved in

visceral endoderm differentiation
GenBank Fold increase*

Gene accession number (–/– vs +/+)

HNF-4α NM_008261 2.5
GATA-6 AF179425 2.3
GATA-4 AB075549 2.5
α-Fetoprotein NM_007423 42.2
Transferrin AF440692 16.1
ApoAI NM_009692 35.6
ApoAIV BC010769 26.4

*P<0.05.
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detecting low levels of a diffusely localized protein in confocal
optical sections.

TJs with similar morphology were detected by transmission
and freeze-fracture electron microscopy between epithelial
cells of wild-type (+/+), heterozygous (+/–) and homozygous
(–/–) EBs. The TJ barrier function also appeared to be
unaffected by the cingulin mutation. The junctional
distribution of ZO-1, occludin and claudin-6 in mutant cells
was indistinguishable from that seen in wild-type cells. Taken
together, these results indicate that, although cingulin interacts
with ZO-1, occludin and other TJ proteins through its head
domain (Cordenonsi et al., 1999a; Cordenonsi et al., 1999b;
D’Atri et al., 2002), targeted deletion of this domain does not
prevent the recruitment of these interacting proteins into TJs.
Because most TJ proteins interact with multiple partners, it is
likely that redundant interactions control their junctional
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Fig. 3.Transmission electron microscopy reveals TJs in
wild-type and mutant cystic EBs. Micrographs show
junctional complexes between epithelial cells of wild-type
(B), heterozygous (+/–) (A,C) and homozygous (–/–) (D)
EBs. Images were obtained from cystic EBs sectioned
through their centers in a near-equatorial position. The
outer surface of the cyst is at the top of each frame.
(A) Low-magnification micrograph showing an example
of a cystic EB (+/–), comprising an outer layer of
epithelial cells (corresponding to visceral endoderm,
indicated by bracket) and an inner layer. The outer layer
cells were polarized, with apical microvilli (mv) projecting
towards the outer surface and phagocytic vesicles (ph) in
the cytoplasm. The two layers were usually separated by
an intercellular space and the inner layer was not
consistently detected. The inner layer of cells is referred to
in the literature as ectoderm (Doetschman et al., 1985;
Ikeda et al., 1999; Saitou et al., 1998) or undifferentiated
cells (Soudais et al., 1995). The same ultrastructure was
observed in all wild-type and mutant EBs. (B-D) Higher-
magnification micrographs showing the apico-lateral
membranes of adjoining outer epithelial cells. Inserts
show, at higher magnifications, the areas of junctional
complexes. The typical morphology of TJs, with intimate
membrane interconnections, is seen irrespective of the
cells genotype (B-D, arrows). TJs are occasionally
associated with desmosomes (De in D). Scale bars, 2 µm
(A), 100 nm (B-D).

Fig. 4.Freeze-fracture electron microscopy reveals assemblies of TJ
fibrils in wild-type and mutant cystic EBs. (A) Low-magnification
image of large portions of the plasma membrane of a cystic EB. TJ
fibrils are seen arranged both as a continuous belt, separating the
apical (am) and the basolateral (lm) membrane domains, and as
spatially restricted focal arrays within the basolateral membrane.
(B-D) Higher magnification views, showing similar TJ belts (three to
five strands thick) in one wild-type (WT1) (B), one heterozygous
(+/–) (1;166) (C) and one homozygous (–/–) (3;96) (D) EB clone.
Similar results were obtained with other clones (Table 5).
(E-G) Higher-magnification views, showing focal arrays of TJ fibrils,
which segregate microdomains within the basolateral membrane in
wild-type (E), heterozygous (+/–) (F) and homozygous (–/–) (G)
EBs. The arrowheads point to microvilli. Scale bars, 0.5 µm (A),
225 nm (B-G).
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recruitment. For example, ZO-1 forms complexes with ZO-2
and ZO-3 (Balda et al., 1993; Gumbiner et al., 1991; Haskins
et al., 1998), and these three proteins interact with occludin,
claudins (Fanning et al., 1998; Haskins et al., 1998; Itoh et al.,
1999a; Itoh et al., 1999b) and F-actin (Fanning et al., 1998;
Itoh et al., 1997; Wittchen et al., 1999). However, ZO-1
recruitment into junctions does not depend on occludin,
because ZO-1 is normally localized in occludin-deficient
epithelial cells of EBs (Saitou et al., 1998). Although ZO-1
recruitment to TJs appeared to be unaffected by cingulin
mutation, its levels were altered in heterozygous and
homozygous EBs, supporting the notion of a functionally
important interaction (see below). Our data do not exclude
the possibility that cingulin-like proteins exist and might
compensate for the loss of full-length cingulin in homozygous
(–/–) cells, resulting in normal TJs. Consistent with this
hypothesis, we recently identified paracingulin (GenBank
AAT37906) a protein with significant homology to cingulin,
which is junctionally localized when transfected into epithelial
cells (S. C. and L.G., unpublished data). Characterization of
this protein will provide additional insights into its potential
role at TJs.

Lysates of heterozygous (+/–) and homozygous (–/–) EBs
contained less ZO-1 and more ZO-2, claudin-6 and occludin
proteins than those of wild-type EBs. In addition, Lfc was
detected only in homozygous (–/–) EBs. We tested whether
these changes in protein levels reflected changes in mRNA

Table 5. Quantitative analysis of TJ ultrastructure in EBs

TEM FF

Genotype Clone TJ thickness (µm) Belt thickness (µm) Strands per belt Fibril length (µm)

+/+ WT1 0.52±0.14 (n=12) 0.42±0.05 (n=27) 3.0±0.3 (n=27) 0.50±0.05 (n=426)
WT2 0.58±0.13 (n=15) 0.51±0.06 (n=24) 4.1±0.4 (n=24) 0.46±0.04 (n=775)

+/– 1;10 0.57±0.15 (n=13) 0.34±0.04 (n=21) 4.0±0.4 (n=21) 0.50±0.07 (n=466)
1;166 0.48±0.10 (n=16) 0.47±0.06 (n=15) 5.3±0.5 (n=15) 0.50±0.04 (n=565)

–/– 3;4 0.46±0.15 (n=15) 0.24±0.03 (n=12) 3.6±0.4 (n=12) 0.42±0.04 (n=331)
3;96 0.48±0.20 (n=13) 0.53±0.07 (n=12) 4.2±0.4 (n=12) 0.43±0.06 (n=395)

TEM, transmission electron microscopy; FF, freeze-fracture.

Fig. 5.Cingulin mutation does not influence the junctional
localization of ZO-1, occludin or claudin-6, or the permeability of
TJs to NHS-LC-Biotin in cystic EBs. (A-C) Immunofluorescence
analysis of EBs that were fixed, sectioned and stained with
antibodies against the antigens indicated above each set of images.
Color coding corresponds to secondary antibodies fluorophores used
(green, FITC-labeled anti-mouse antibody; red, Cy5-labeled anti-
rabbit antibody), except in the case of the double cingulin-ZO-1
labeling, in which color was inverted (rabbit anti-cingulin antibody
followed by Cy5-anti-rabbit antibody, and rat anti-ZO-1 antibody
followed by FITC-anti-rat antibody were used). Monoclonal
antibody against cingulin was used for co-localization with occludin
(B). In ‘merge’ images, the yellow color shows co-localization of
proteins. Junctional cingulin labeling is not detected in homozygous
(–/–) cystic EBs (A,B). (D) Biotin permeability assay. EBs were
incubated in 1 mg ml–1 NHS-LC-Biotin, washed, fixed, sectioned
and stained with FITC-conjugated avidin (green) and TRITC-
phalloidin (red) to visualize NHS-LC-Biotin and actin filaments,
respectively. Epithelial cells with functional TJs exclude NHS-LC-
Biotin from intercellular spaces, resulting in labeling being restricted
to apical surfaces. ‘Out’ and ‘In’ in the (+/+) merge image indicate
spaces outside and inside the cavity of the EBs, respectively. Scale
bar, 10 µm.



5254

levels, by measuring mRNA levels by microarray and real-time
qRT-PCR analysis. In the case of claudin-6 and occludin, the
increase in protein levels was correlated with a significant
increase in mRNA levels in both heterozygous (+/–) and
homozygous (–/–) EBs. Thus, increased claudin-6 and
occludin protein levels reflected changes in transcript levels.
However, for occludin, we speculate that additional post-
transcriptional mechanisms might be involved, because there
was a larger increase in occludin protein levels in heterozygous
(+/–) and homozygous (–/–) EBs than for claudin-6, whereas
the mRNA increases were similar for the two proteins. Despite
the observed increases in protein and transcript levels, the
immunofluorescent distribution of occludin and claudin-6 were
similar in wild-type and mutant EBs. In addition, electron
microscopy revealed similar TJ fibrils and belts, which are
made of occludin and claudins (Tsukita et al., 2001), in wild-
type and mutant EBs. Thus, altered protein and transcript
levels for TJ fibril components did not appear to influence
significantly the assembly of TJ strands. Because the levels of
mRNAs encoding ZO-1, ZO-2 and Lfc were not significantly
different in wild-type and mutant EBs, we speculate that
the altered steady-state levels of these TJ proteins were a
consequence of decreased (ZO-1) or increased (ZO-2 and Lfc)
protein stability, and/or changes in translation efficiency,
caused by the mutation of cingulin. Because cingulin interacts
in vivo with ZO-1 and ZO-2 (Cordenonsi et al., 1999a; D’Atri
et al., 2002), one possible functional scenario is that cingulin
mutation induces decreased ZO-1 protein stability, with ZO-2
levels increased as a compensatory mechanism. Furthermore,
the increased Lfc levels in homozygous (–/–) EBs indicate a
functional link between cingulin and Lfc.

Transcript levels of claudin-2, claudin-6, claudin-7, occludin
and several transcription factors (see below) were increased in
cingulin-mutant EBs. The increases in claudin-2, claudin-6,
claudin-7 and occludin mRNAs were not apparent in ES cells,
demonstrating that cingulin mutation affected mRNA levels
only in differentiated cells, which contain TJs. To our
knowledge, this is the first time that significant changes in
transcript levels have been reported following mutation of a
structural component of TJs. Although our results suggest that
cingulin might be implicated in the regulation of gene
expression, previous studies have shown that cytoskeletal and
junction-associated proteins such as β-catenin (Behrens et
al., 1996), actin (Sotiropoulos et al., 1999) and tubulin
(Ziegelbauer et al., 2001) are implicated in transcriptional
regulation. In addition, the TJ proteins ZO-1 and ZO-2 have
been detected in the nucleus (Gottardi et al., 1996; Islas et al.,
2002) and have been shown to interact with the transcription
factors ZONAB (Balda and Matter, 2000), Fos, Jun and C/EBP
(Betanzos et al., 2004), suggesting that TJ proteins can regulate
gene activity by modulating the nuclear accumulation of
transcription factors.

What is the mechanism through which cingulin mutation
affects mRNA levels of claudin-2, claudin-6, claudin-7 and
occludin? The simplest hypothesis is that cingulin directly
influences the transcription rate of these TJ genes or the
stability of their respective mRNAs. However, although
cingulin has been detected in the nucleus (Citi and Cordenonsi,
1999; Nakamura et al., 2000), and exogenously expressed
cingulin head domain can localize to the nucleus (D’Atri et al.,
2002), nothing is known about its interaction with nucleic acids

or its role as a transcription factor. Another hypothesis is that
cingulin mutation affects the level of mRNAs coding for
TJ proteins indirectly, by perturbing transcriptional and/or
translational regulatory networks that control the expression
and mRNA stability of TJ-protein genes. Consistent with this
possibility, we noticed that the genes whose mRNA levels were
increased in cingulin-mutant EBs (claudin-2, claudin-6,
claudin-7 and occludin) are the same as those that are induced
by retinoic-acid treatment or overexpression of the hepatocyte
nuclear receptor HNF-4α in F9 murine embryonal carcinoma
cells (Chiba et al., 2003; Kubota et al., 2001). Strikingly, we
showed increased transcript levels for the transcription factors
HNF-4α, GATA-4 and GATA-6 in homozygous (–/–) EBs.
HNF-4α is an early endodermal marker and, together with
GATA-4, it acts as a target of GATA-6 (Morrisey et al., 1998).
In turn, HNF-4α controls the transcription of late endodermal
markers such as α-fetoprotein, transferrin, ApoAI and ApoAIV
(Morrisey et al., 1998). Loss of GATA-6, GATA-4 or HNF-4α
leads to defects in visceral endoderm differentiation, resulting
in cell death within the ectoderm of mouse embryos (Chen et
al., 1994; Koutsourakis et al., 1999; Morrisey et al., 1998;
Soudais et al., 1995). Because the mRNA levels of all these
transcription factors and targets were significantly increased in
homozygous (–/–) EBs, our results strongly indicate that the
mechanism through which cingulin mutation influences the
expression of occludin and claudin genes is by altering the
levels of GATA-6, GATA-4 and HNF-4α.

The observation that the phenotype of heterozygous (+/–)
EBs was almost identical to that of homozygous (–/–) EBs
indicates that the differences observed in protein and transcript
levels are due either to haploinsufficiency or to a dominant-
negative effect of the truncated cingulin. Cytoplasmic
truncated cingulin might influence protein and mRNA levels
by one or more of several mechanisms. Truncated cingulin
might affect the dynamics of the actin cytoskeleton directly or
indirectly (for example, through modulation of the Rho
regulator Lfc) and thus change the activity and/or nuclear
accumulation of transcription factors that are regulated by the
organization of the actin cytoskeleton (Sotiropoulos et al.,
1999). Another possibility is that truncated cingulin interacts
directly with transcription factors and affects their subcellular
distribution. Experiments to test these hypotheses are beyond
the scope of the present study and will be carried out in the
future.

In summary, we have demonstrated that targeted deletion
of most of the head domain of cingulin in ES cells abolishes
cingulin junctional recruitment without preventing TJ
formation in epithelial cells of differentiated EBs. We
showed that junctional cingulin is not required either for
junctional targeting of ZO-1, occludin and claudin-6 or for
the formation of a paracellular TJ barrier. We showed that, in
EBs, cingulin mutation results in altered protein levels for
some TJ proteins and in increased transcript levels for
claudin-2, claudin-6, claudin-7 and occludin, probably via the
activation of the GATA-6/HNF-4α visceral-endoderm
differentiation pathway. Although additional studies will be
necessary to investigate the pathway linking cingulin and
HNF-4α to the expression of claudin and occludin genes,
these results suggest for the first time that cingulin might
participate in regulating the expression of genes implicated
in epithelial differentiation.
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