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Summary

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
Z0-2, occludin, claudin-6 and Lfc, and decreased levels of
Z0-1. The +/-and —/-— embryoid bodies contained epithelial

indicating that cingulin is not required for their junctional
recruitment. Real-time quantitative reverse-transcription
PCR (real-time gRT-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 gRT-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-4x, 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

cells with normal tight junctions, as determined by freeze- http://jcs.biologists.org/cgi/content/full/117/22/5245/DC1
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,
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Introduction The clarification of the molecular organization of TJs should

In vertebrate epithelial cells, tight junctions (TJs) form apProvide a rational basis for understanding how these junctions
circumferential apical belt that acts as a barrier that controlgarry out their diverse functions. Some genetic evidence for a
paracellular permeability across epithelial sheets and a fen¢ele of junctional proteins in TJ organization and epithelial
that maintains plasma-membrane polarity. TJs contain severinction in vertebrates has recently emerged. With regard to
types of transmembrane molecule, including tetraspaiitegral membrane components of TJs, we know that targeted
membrane proteins and Ig-like adhesion molecules, whicHeletion of occludin in mouse embryonic stem (ES) cells
mediate cell-cell adhesion and constitute the paracelluldesults in embryoid bodies (EBs) with morphologically and
channels through which ions, water, molecules and cel®inctionally normal TJs (Saitou et al., 1998), and occludin
permeate epithelial sheets. The cytoplasmic face of TJgeletion resulted in viable mice with a complex pathological
consists of a complex network of proteins, including PDZ-henotype (Saitou et al., 2000). Mutations of claudin-11 (Gow
domain-containing proteins, evolutionarily conserved polarityet al., 1999), claudin-16/paracellin-1 (Hirano et al., 2000;
determinants, cytoskeletal adaptors, small GTP-bindingimon et al., 1999), claudin-14 (Ben-Yosef et al., 2003; Wilcox
proteins, protein kinases and phosphatases (for reviews, see al., 2001) and claudin-5 (Nitta et al., 2003) result in
Citi, 2001; D’Atri and Citi, 2002; Gonzalez-Mariscal et al., pathological phenotypes that appear to be confined to the
2003; Tsukita et al., 2001). In addition, the recent identificatiotissues in which these isoforms are expressed. Claudin-1-
of transcription factors as TJ components (Balda and Matteknockout mice display an early postnatal lethal phenotype,
2000; Betanzos et al., 2004; Nakamura et al., 2000) points taving to transepidermal water loss (Furuse et al., 2002). By
TJs as platforms that integrate signals between neighborirapntrast, genetic evidence for a role of the cytoplasmic protein
cells and the nucleus to coordinate cell growth andomponents of vertebrate TJs is limited. Deletion of AF-
differentiation (Matter and Balda, 2003). 6/afadin, a protein believed to be associated with both TJs and
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adherens-type junctions, leads to an early embryonic leth®EM non-essential amino acids, §§ mi* gentamycin, 0.1 mM 2-
mouse phenotype, with loss of neuroepithelial polarity (Ikedanercaptoethanol and 1000 U tleukemia inhibitor factor (LIF).
et al., 1999; Zhadanov et al., 1999). Nothing is known aboutvery 2-3 days, the cultures were passaged (1:10). For cystic EB

other TJ cytoplasmic component. culture dishes for 3 days in normal LIF-containing mediumi.02

Cingulin is a 140-160-kDa protein component of thece”S were then inoculated into a 10-cm non-tissue-culture-treated

topl . | f tebrate TJs that . ”dish, preventing cell attachment. EBs were grown in suspension
cytoplasmic plaque of vertebrale 1Js thal was onginally, ;e for 10 days in the absence of LIF. To control for possible

identified as an actomyosin-associated protein (Citi et algjone-related differences in phenotype, two independent clones of
1988). Cingulin might play an important role in the biology ofwild-type (WT1 and WT2), heterozygous (+/-) (1;166 and 1;10), and
vertebrate epithelia, because it is one of the first proteins thaémozygous (-/-) (3;4 and 3;96) cells were used in each experiment.
assembles into TJs in early vertebrate embryos (Cardellini @he six clones were cultured in parallel and were of similar passage
al., 1996; Fesenko et al., 2000; Fleming et al., 1993). Theumber, to minimize the influence of culture conditions and passage
cingulin sequence predicts that the molecule is a parall@umber on the results.
homodimer, made by two subunits that consist of a central
coiled-coil rod domain that separates a large, globular 7\%
ai

terminal head domain and a small, globular C-terminal t . . - .

. ! - ragments of the genomic locus encoding mouse cingulin were isolated
(Cordenonsi et al., 1999a). The head domain controlg, - : - .
) - . . . Lo . phage of aFixIl 129/Sv mouse genomic library (J. Ripperger,
junctional recruitment and mediates direct in vitro interactionniversity of Geneva, Switzerland), screened with a fragment of human
with the TJ proteins ZO-1, ZO-2, JAM-1 and actin, throughcDNA encoding the cingulin head, and by restriction digestion from a
sequences located in its N-terminal half (Bazzoni et al., 200RPCI23 bacterial artificial chromosome clone (4p7). The putative exon
Cordenonsi et al., 1999a; D’Atri and Citi, 2001; D’Atri et al., organization of the mouse cingulin-encoding gene (chromosome 3)
2002). The rod domain mediates dimerization, interaction witlis _available at http://www.ncbi.nlm.nih.gov/sutils/evv.cgi?contig=
myosin and possibly intramolecular interaction (Citi et al.NT_080250&gene=Cgn&lid=70737&taxid9090. By analogy with
2000; Cordenonsi et al., 1999a). In vivo, cingulin forms ghe organization of the human cingulin-encoding gene and cDNA
complex with ZO-1, ZO-2 (Cordenonsi et al., 1999a) and JAMSeduence, we hypothesize that the putative exon 2 identified in the
1 (Bazzoni et al 2’000) suggesting that it ,might functionallx\fenomic fragment corresponds to the first coding exon. To construct

. . - . he first targeting vector, a neomycin-resistance (Neo) cassette (1.9
link TJ proteins to the actomyosin cytoskeleton during T b) was isolated bipnl-Xba digestion of plasmid pHR-68 (F. Spitz,

biogenesis and regulation. ) University of Geneva, Switzerland) and was ligated with a 2.4 kb
Here, we report a genetic approach to dissect the role ®ha-Eccrv fragment of the cingulin-encoding gene (right arm,
cingulin at TJs. Because the head domain is crucial for th@ownstream of exon 2) into plasmid pKS+, which was cut Wjthl
junctional localization and protein interactions of cingulin, weand EcoRV. The Neo cassette and right arm were excised from this
constructed targeting vectors designed to delete the exon thenstruct by digestion witkKpnl andNot, and ligated with a 5.5 kb
codes for most of the putative head region sequence, in mou¥$gd-Kpnl fragment (left arm, upstream of exon 2) into pKS+, which
ES cells, resulting in TJs that lack cingulin. Characterizatio§’as cut withXhd and Not, to obtain the Neo targeting vector. A

i id- +/+ 4/ econd targeting vector was constructed using the same strategy,
ﬂgiiiy%tgslsne%:gm V\?lj_t)y pgs( /cgilg etsirgvzv)égqtﬁzt( c/:”,? girlli%xcept that a hygromycin resistance cassette (2.2 kb) was isolated by

: X ; igestion of plasmid pSK-Hygro (F. Spitz). The targeting vectors were
mutation did not perturb the formation of TJs but altered the oo byNot digestion and 1ig DNA was used to electroporate

expression of certain TJ proteins and transcription factors. gg celis (10), using a Gene Pulser (BioRad) at 400 V, i&5for 2-
2.5 milliseconds. After 48 hours, cells were selected in antibiotic-
containing medium (20Qug mi! neomycin and/or 15Qug mf?
e hygromycin) for 7 days. Antibiotic-resistant colonies were collected,
Antibodies expanded into 48-well plates, duplicated and inoculated into 24-well
Antibodies against the following proteins were used. Cingulin: Zymedjelatin-coated plates. When confluent, cells were rinsed with PBS (10
36-4401, C532 (Cardellini et al., 1996), Zymed 37-4300. ZO-1: ZymeanM NaHPQO,, 1.7 mM KHPO,, 136 mM NacCl, 2.6 mM KCI, pH
61-7300, R40-76 (B. Stevenson, Salk Institute, USA) (Stevenson et af.,4) and lysed in 0.5 ml lysis buffer [50 mM Tris-HCI, pH 8.0, 100
1986). ZO-2: Zymed 71-1400, Santa Cruz Biotechnology H-110. ZOmM NacCl, 10 mM EDTA, 0.5% sodium dodecy! sulfate (SDS), 100
3: Santa Cruz Biotechnology H-130. Occludin: Zymed 71-1500ug mi~ proteinase K] for 24 hours at 37°C.
Claudin-6: (S. Tsukita and M. Furuse, Kyoto University, Japan). JAM-
1: (D. Vestweber, University of Minster, Munster, Germany) (Ebnet et ] )
al., 2000). PAR-3: Zymed 36-2301. Lfc and Ybx3 (ZONAB): B4/7 andGenomic Southern blot analysis
YB3 (K. Matter and M. Balda, University College London, London, For DNA isolation, lysates were extracted in 0.2 M NaCl and phenol
UK) (Balda and Matter, 2000; Benais-Pont et al., 20@3)jubulin: (2:1 phenol/chloroform:aqueous phase). Genomic DNA samples were
(T. Kreis, University of Geneva, Switzerland). Horseradish-peroxidasedigested with eithefpa (16 hours, 25°C) dEcoRl (16 hours, 37°C),
(HRP)-labeled antibodies for immunoblotting (ECL) were from electrophoresed on 0.65% agarose gels and transferred to positively
Promega. Fluorescein isothiocyanate (FITC)- and Cyb5-labeledharged nylon membranes (Roche). Blots were hybridized with
antibodies  for immunofluorescence  were from  Jacksordigoxygenin (DIG)-labeled probes generated by PCR. Thedbe
Immunoresearch Laboratories. (727 bp) was obtained using the primérdAGATTTCTCTCCCATA-
CATATATAT-3' and B-ATTATTGCAGGCTTGGCAGGG-3 and

) was used for analysis @&pa genomic digests. The' Hrobe was
Cell culture and EB formation obtained using the primersBGAAAATGAAGATCTCGGCTCTG-
Mouse ES cells (clone D3) were cultured on embryonic feeder cell® and 3-CTCGAGCATACTCCTGAGGAC-3followed by digestion
in Dulbecco’s modified Eagle’s medium (Sigma) containing 15% fetalvith Sadl. The resulting 294 bp fragment was used for analysis of
bovine serum (FBS), 4 mM L-glutamine, 1 mM sodium pyruvate, 1 EcdRrl genomic digests. Targeted clones were also checked for single

ene targeting

Materials and Methods
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integration by hybridization with either an 803 bp neo probe or a 318xpression arrays (contains probe sets against 14,484 well-annotated
bp hygro probe (Fig. 1). full-length genes, 4371 expressed sequence tag sequences and 3771
non-expressed-sequence-tag sequences) were hybridized with 12
) labeled cRNA for 16 hours at 45°C under rotation and stained in an
Preparation of cell lysates Affymetrix Fluidics station with streptavidin-phycoerythrin, followed
EBs were washed twice with PBS containing 1 mM Ga@d 0.5 by staining with a biotinylated anti-streptavidin antibody and
mM MgCl,, and lysed for 15 minutes with ice-cold lysis buffer (150 streptavidin-phycoerythrin. The arrays (three per sample) were
mM NacCl, 50 mM Tris-HCI, pH 7.4, 1% Triton X-100, &g mf* scanned with a GeneCHIP scanner, and data were analysed with the
antipain, 5pg mi? leupeptin, 5pug mr! pepstatin, 0.1 mM  Affymetrix statistics-based software MAS-5.0. Fold changes were
phenylmethylsulfonyl fluoride). Lysates were centrifuged at 13g000 calculated by dividing the expression level of each individual gene in
for 15 minutes at 4°C and the supernatant (Triton-soluble fractionjingulin homozygous (-/-) EBs (3;4) by the expression level of the
was collected. The pellet was resuspended and incubated for $8me gene in wild-type EBs (WT1). A significant change was defined
minutes in lysis buffer containing 1% SDS. Following centrifugation,as a fold increase or decrease that had the same value in the nine
the supernatant (Triton-insoluble fraction) was collected. comparisons obtained from three microarrays of wild-type EBs and
three microarrays of cingulin homozygous (-/-) EBs, and wheR the
) value was below 0.05 (in a Student'sest). Data are presented as
Immunoblotting means from the nine cross comparisons.
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 thateal-time quantitative reverse-transcription PCR
secondary antibodies were HRP coupled. Proteln loadings wefeor real-time quantitative reverse-transcription PCR (real-time gRT-
normalized using as internal standard endogenadisibulin. PCR), total RNA was prepared from three independent cultures of
Immunoblots were developed by an enhanced chemiluminescence ki#ch of the six ES cell clones and EBs using the RNeasy mini kit
(Pierce). Autoradiograms were scanned and analysed with the BioRé&Qiagen). cDNA synthesis was achieved with fig of total RNA
QuantityOne software. 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 (3B) contained a single gene-specific
CRNA preparation and microarray analysis primer set (forward and reverse, 2181) (Table 1), 20 ng of cDNA,
Total RNA was isolated from cytoplasm of three independenttO nM fluorescein calibration dye andx-3YBR-Green PCR
preparations of EBs from wild-type (WT1) and cingulin homozygousmastermix (Applied Biosystems). Assays were carried out using 96-
(-/I-) (3;4) clones, using the RNeasy mini kit (Qiagen). Reversevell plates. Each experimental sample was assayed using three
transcription was performed on 1§ total RNA for 1 hour at 42°C replicates for each primer, including thE°RT-specific primer that
using a T7-oligo (dT)24-primer and Superscript Il Reversewas used as an internal standard. Negative controls lacking the cDNA
Transcriptase (Gibco). Second-strand cDNA synthesis was for 2 houtsmplate were run with every assay to assess specificity. Gene-specific
at 16°C usingescherichia coliDNA polymerase |, DNA ligase and primer sets were designed using PrimerExpress sofware (Applied
RNase H (Gibco), followed by incubation with T4 DNA PolymeraseBiosystems) and are listed in Table 1. Full-length cingulin expression
(Gibco) for 5 minutes at 65°C. After phenol/chloroform extraction, inwas analysed with primers within the head regii@-1 mRNA was
vitro transcription was performed for 4 hours at 37°C, using Bio-16amplified with primers within or outside thee domain, to analyse
UTP, Bio-11-CTP and T7 RNA Polymerase (Enzo, New York, NY).separately the expression of Z@*land ZO-h~, two isoforms that
cRNA was purified using RNeasy (Qiagen) followed by fragmentatiorare expressed differently during mouse development and in adult
for 35 minutes at 95°C. For RNA quality control, Adplabeled cRNA  tissues (Balda and Anderson, 1993; Sheth et al., 1997; Willott et al.,
were run on Test3 arrays (Affymetrix). The Affymetrix Mouse 430A 1992). The real-time fluorescence signal was analysed using the

A
E A Y B E A . ) -

WT allele | . TTH | Fig. 1. Targeting of cingulin alleles by homologous

= / i — recombination in mouse ES cells. (A) Restriction maps of

> prope j o Ex2 Ex34S 3 probe the cingulin genomic locus [wild-type (WT) allele] and the

Nh A K E e s neomycin (Neo) and hygromycin (Hyg) targeting vectors.
Neo Targeting Vector | Neo HHHH Putative exons 2-5 are represented by black boxes. A 1.98
i kb Kpnl-Xba fragment beginning 775 bp upstream of the
Nm-pmhc ATG translation start codon and ending 353 bp
KA E Xb downstream of the' @nd of exon 2 was replaced by a
_ Xh A | E B neomycin-resistance cassette in the first targeted allele and
Hyg Targeting Vector| l Hygro -H'I-l—‘ — by a hygromycin resistance cassette in the second targeted
. _— 1 kb allele. In the targeting vectors, the antibiotic resistance

cassettes were flanked on theifle by a 5.5 kixhad-

Kpnl intron fragment (left arm) and on thesdde by a 2.4
B C D E F G kb Xba-EcaRV fragment (right arm) containing intronic
sequences and exons 3-5. Positions of tlaa& 3 probes,

5 probe 3" probe Neo probe 5" probe 3" rcbc H be . .
P G P S P © & p@, p Ve pm and the neomycin and hygromycin probes used for
RN iy RN AT Southern-blot analyses are shown as thick lineg\p4;

~ gow
ia Dhia

. ' e 09 Ne
3. 7. -e e 66 used for digestions are indicated beneath each blot.
5 7 - Genotypes and probes are indicated above each blot. Sizes

EcoRI Apal Apal EcoRI Apal Apal (kb) of hybridizing bands are indicated on the left.

99 . ée E, EcaRlI; E5,EcaRV; K, Kpnl; Xb, Xbd; Xh, Xhd.
(B-G) Southern-blot analysis. Restriction endonucleases
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Table 1. Sequences of primers used in real-time gRT-PCR

Gene Forward primer Reverse primer

Cingulin 5-CTAAACCGACTTCCTCGATTAA-3 5-TGTTGATGAGCGAGTCCACTG-3
Z0-1a~ 5'-CCCTACCAACCTCGGCCTT-3 5'-AACGCTGGAAATAACCTCGTTC-3
ZO-1a* 5-CGCCAAATGCGGTTGATC-3 5'-TTTACACCTTGCTTAGAGTCAGGGTT-3
Z0-2 5-AGCACGCCCTGCTCGAC-3 5'-TCACGATTGGAAACCACTGAGT-3
Z0-3 5-ACCCTATGGCCTGGGCTTC-3 5-CCCGGGTACAACGTGTCC-3
Claudin-2 5 CCCAGGCCATGATGGTGA-3 5'-TCATGCCCACCACAGAGATAAT-3
Claudin-6 5 ATGTGGAAGGTGACCGCCT-3 5'-CCCTCCCACACCATCTGG-3
Claudin-7 5CCTGGTGTTGGGCTTCTTAGC-3 5'-CCCACAGCGTGTGCACTTC-3
Occludin 8-CCAGGCAGCGTGTTCCT-3 5'-TTCTAAATAACAGTCACCTGAGGGC-3
JAM-1 5-AGCTCCCTATGCGGACCG-3 5'-CCTTCCGGGTCACAGAACTG-3
PAR-3 B-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

iCycler iQ software v3.0 (BioRad). The cycling conditions were: oneFreeze-fracture electron microscopy

cycle at 95°C for 10 minutes, followed by 40 cycles of PCREBs were fixed for 60 minutes in 2.5% glutaraldehyde solution in 0.1

amplification, each consisting of 95°C for 15 seconds and 60°C fdvl phosphate buffer, pH 7.4, infiltrated with 30% glycerol, frozen

45 seconds. To identify specific PCR products, melting-curve analysis Freon22 cooled in liquid nitrogen and processed for freeze-

was performed by heating the reaction mixture from 60°C to 95°C dtacture using a BAF300 machine (Balzers High Vacuum, Balzers,

a rate of 0.5°C per 10 seconds. A threshold cydpw@s determined Liechtenstein). Specimens were examined with a Philips CM10

for each sample using the exponential-growth phase and the baseliglectron microscope and photographs were taken at the magnification

signal from fluorescence versus cycle number plots. PCR assays tledi39,00%. Quantitative analysis of the number of strands (the thread-

showed non-specific products at the end point were excluded froiike mostly straight and parallel arrangements of TJ fibrils) per TJ belt

further data analysi€\Ct values were obtained by subtracting the C and of the length of TJ fibrils (the linear organization of particulate

value of the housekeeping geR®RT from the G value for each transmembrane proteins running between two other similar structures)

indicated gene. EacACt value represents the meanszS.D. of threewas carried out using a ACECAD Professional graphic tablet

independent experimentACt values are shown in Supplementary connected to a Quantimet Leica 500+ system (Leica, Cambridge,

Table 1 (see Table S1 in supplementary mateddd}. averages for UK). Statistical comparisons were carried out by analysis of variance

each gene were calculated frau@t values evaluated in the two clones and median tests, as provided by the Statistical Package for Social

of the same genotypAACt were calculated as the differences in Sciences (SPSS, Chicago).

ACt averages between wild-type (+/+), heterozygous (-/+) and

homozygous (-/—) EB and ES cells. Posit\&Ct values indicate -

more PCR cycles and therefore less mRNA. Conversely, negative) Permeability assay

AACt values indicate more mRNA. The fold change was calculatedhe barrier function of epithelial cells of cystic EBs was studied using

by 2#2%_No change (NC) was scored wher0.05. Student'stest  the surface biotinylation technique (Chen et al., 1997) with

was performed using the GraphPad Prism software. 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.

Immunofluorescence and confocal microscopy

EBs were fixed with 4% paraformaldehyde in 0.1 M sodium

phosphate, pH 7.4, equilibrated with 30% sucrose, embedded |

Tissue-Tek (Sakura, The Netherlands) and frozen in liquid nitrogerﬁeSUItS

10 um cryostat sections were dried onto SuperFrost Plus slides, fixddisruption of the cingulin-encoding gene by homologous

in ethanol at 4°C for 30 minutes, followed by acetone at roonrecombination

eperaure o 1 MU, \noubaons wih priTary and SeCORHNA corresponding o thecinguiin-encoding locus was

maged Lsng  corucl Tuescence miscacope (2ees Lo 4ot 7 2 MUSe 9enemic DA Hany and used o

Meta) equipped with a B3(1.3 NA) objective. identified within a ~17 kb genomic DNA fragment (Fig. 1A).

We denoted exon 2 an 852 bp exon containing sequence

Ultrathin-section electron microscopy corresponding to the putative N-terminal region (residues 1-

EBs were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylat®84) of mouse cingulin. In human aXeénopuscingulin, the

buffer, pH 7.2, containing 2 mM Cagind postfixed with 1% OsQ  sequences contained within this region are crucial for the

0.8% KsFe(CN) in the same buffer. Samples were embedded in Typejunctional recruitment of cingulin and its interactions with ZO-

Vil agarose, stained en bloc with 4% uranyl acetate, dehydrated with and other proteins (D’Atri et al., 2002). Thus, targeted

a graded ethanol series and 100% propylene oxide, and embeddeqjif\ation of this exon is expected to eliminate cingulin

Epoxy medium (Fluka). Ultrathin sections (70 nm) were stained wit o . . . -
saturated uranyl acetate and 2.5% lead citrate, and examined usinEgahzatlon to junctions. Two targeting vectors were designed

Philips EM410 electron microscope. Measurements were carried o replace exon 2 and adjacent sequences (775 bp upstream of
on photographs (12-16 per sample) of lateral membranes cii€ ATG start codon and 353 bp downstream of theplice
perpendicular to the apical surface of cells. TJ thickness was defin&#f€) Wwith either a neomycin or a hygromycin antibiotic-

as the distance between the most apical and basal focal membrd@gistance cassette (Fig. 1A).

interconnections. Wild-type (+/+) ES cells were transfected with the neomycin
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targeting vector, and 192 neomycin-resistant clones Soluble fractions Insoluble fractions
isolated. Southern-blot analysis of genomic DNA \
probes in the 'J|and 3 flanking regions and the Neo cass e Gl = @l g o=
showed that a homologous recombination event .
occurred in four clones, as judged by the generatic §§ < § » oF §&{Q’ N @9 » oF
restriction fragments of the expected size [Fig. 1B-D sl e e s
two of these (+/-) clones]. To target the remaining wild- FL| o ol s e bt b g ot
cingulin allele, one of the heterozygous (+/-) ES cl Cingulin - USRI 120
(1;166) was transfected with the hygromycin targe FL[ 1 |1.061.05[1.08] ND | ND |[ 1 [0.93]0.93]0.97] ND | ND
vector. After selection, 192 clones were picked, and (a0 [ND |1 T095120]1.19] [ N [ND | ND [ND [ND [ND -
homozygous mutant (-/-) clones were isolated (3;4 70-1 b [ e [T
3;96), as shown by Southern-blot analysis with3 and 1_[1.02]o.43[0.44[046[0.44 ][ 1 To.97]046[0.47]0.48[0.46
hygromycin probes (Fig. 1E-G). 20 N R L Y [ e

To study the effects of the cingulin mutation on T Troi[oo7]oos[oss] 1 [ 1 [ 1 T1aalisa[135]i6
structure and function of TJs, ES cells were induce 70-3 ‘_ £3 '”-—'-'—--'-fm
differentiate into EBs under suspension culture condit * T :
After 10 days, cystic EBs were obtained, which contair  ~1.1din-6 —— e =~
cavity filled with secreted fluid and an outer epithelial |; I [1.02[2.13]2.2212.752.77 | ND [ND[0.20[0.20] 1 | 1
of visceral endoderm (Fig. 3). Two independent wild- . ek 66
clones (WT1 and WT2), two independent heterozy Oceludin m|m|$|| | |0_93|E|m
(+/-) clones (1;10 and 1;166) and both homozygous e A O 50
clones (3;4 and 3;96) were used for subsequent experil JAM-1 ‘ ll} ” e : l
to control for possible clonal differences that might PAR3 [ v M ]
independent of the cingulin mutation. —

Lfc ‘ ” o ___|~ 150

Cingulin mutation is associated with changes in the Ybx3 |g—-—-”=====z-p-=f“
protein levels of ZO-1, ZO-2, claudin-6, occludin and o-tubulin [__...._.-—._....” _.}» 50

Lfc in EB lysates

Cingulin interacts with several TJ proteins, so we t€  Fig. 2.Levels of ZO-1, ZO-2, claudin-6, occludin and Lfc proteins are
whether the disruption of the cingulin-encoding ¢ altered following cingulin mutation in EBs. Triton-soluble and Triton-
affected the expression level of TJ proteins. EB lysates insoluble fractions of wild-type (+/+), heterozygous (+/-) and
fractionated into Triton-soluble (cytoplasmic) and Trit ~ homozygous (—/-) EBs (genotype and clone name indicated above each
insoluble (membrane/cytoskeleton-associated) pools  lane) were analysed by SDS-PAGE and wester blotting using

were analyzed by immunoblotting with antibodies ag: antibodies against the proteins indicated on the left. @ttibulin

: : ; signal was used to normalize protein loading. Numbers on the right
me_lllgr mfﬂgraQS ar}dllclytoplt%sm_lc T‘IJ. com?onentt% (Fic indicate size (kDa) of protein markers. FL, full-length cingulin (~140
e a full-length cinguiin. polypeptide v kDa); T, truncated cingulin (~100 kDa). Densitometric analysis was

detected at similar levels in both Triton-soluble and Tr performed to measure protein levels when marked differences were
insoluble fractions of (+/+) and (+/-) EBs, but notin (- opserved. The numbers below the cingulin, ZO-1, ZO-2, claudin-6 and
EBs (Fig. 2, FL). However, anti-cingulin antibodies (Wt occludin lanes represent the signal intensity (mean of at least three
cross-react with the rod domain) labeled a ~100 independent experiments, one of which is shown here) relative to an
polypeptide in lysates of (+/=) and (/) EBs (Fig. 2, T). arbitrary level of 1, corresponding to a reference lane for each set. ND,
truncated protein was detected exclusively in the Tr  notdetected.

soluble fraction, indicating that it is not part of

cytoskeletal complex underlying the TJ membrane. In additior(Fig. 2). Levels of claudin-6 (Morita et al., 1999) were
the cingulin rod sequence was detected by real-time qRT-PCRcreased in the Triton-soluble fraction of both heterozygous
in heterozygous and homozygous mutant EBs (data nd¢t/—) and homozygous (-/-) EBs (Fig. 2). Claudin-6 was also
shown). This is consistent with aberrant initiation of translatiordetectable, although at low levels, in the Triton-insoluble
downstream of exon 2 in targeted clones, resulting in th&action of the heterozygous (+/-) and homozygous (—/-) EBs
expression of a truncated cingulin. We observed a markeg@Fig. 2). Occludin levels were also increased in heterozygous
decrease in the levels of ZO-1 (Stevenson et al., 1986) in bofti/—) and homozygous (-/-) EBs in the Triton-soluble and,
Triton-soluble and Triton-insoluble fractions of heterozygousarticularly, the Triton-insoluble fraction (Fig. 2). The Rho-
(+/-) and homozygous (—/-) EBs (Fig. 2). In addition, thespecific exchange factor Lfc, whose canine homolog is a
levels of ZO-2 (Gumbiner et al., 1991) were slightly increasedomponent of TJs (Benais-Pont et al., 2003), was detectable
in the Triton-insoluble fraction of heterozygous (+/—) andonly in the Triton-insoluble fraction of (-/-) EB lysates (Fig.
homozygous (/=) EBs (Fig. 2). By contrast, the levels of ZO2).

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 (Bald&ingulin-mutant EBs show increased levels of mRNAs

and Matter, 2000)], were very similar in both Triton-soluble€ncoding claudin-2, claudin-6, claudin-7 and occludin

and Triton-insoluble fractions of (+/+), (+/-=) and (—/-) EBsCingulin mutation resulted in changes in the levels of ZO-1,



5250 Journal of Cell Science 117 (22)

Z0-2, claudin-6, occludin and Lfc, so we next asked whetheindicating that differences between (+/+) and (—/-), and those
these altered protein levels were a consequence of alterbdtween (+/+) and (+/-) cells were not due to a clonal variation.
MRNA levels. First, we compared EBs derived from wild-typeACt averages could then be calculated between clones of each
(WT1) and homozygous (—/-) (3;4) ES cells by microarraygenotype, followed by determination &ACt values. This
analysis, which allowed us to examine mRNA levels for mosallowed us to calculate the fold change in mRNA levels
TJ proteins. No significant change in mRNA levels washetween the different genotypes (Table 3).
detectable for ZO-1, ZO-2, ZO-3, JAM-1, PAR-3 or Lfc (Table When comparing wild-type and mutant ES cells, the only
2). However, (—/-) EBs showed a significant increase in mRNAignificant difference in mRNA levels was detected for
levels for claudin-2 (~21-fold), claudin-6 (~2.4-fold), claudin- cingulin (Table 3A). In (+/-) ES cells, there was a ~1.9-fold
7 (~3-fold) and occludin (~2.8-fold) (Table 2). No change wagslecrease in the message levels of full-length cingulin. In (-/-)
detected for claudins 1 to 19 (NB claudin-12, claudin-17ES cells, there was no detectable cingulin message, consistent
cingulin and Ybx3 were not included in the microarray; datawith the expected loss of expression of the wild-type cingulin
not shown). molecule. When comparing wild-type and mutant EBS,
Second, to explore mRNA expression levels using a moreRNA coding for full-length cingulin was undetectable in
quantitative method, two independent clones per genotype/—) EBs, whereas, in heterozygous (+/-) EBs, cingulin-
were analysed by real-time gRT-PCR (Table 3). We focused ancoding mRNA levels were similar to wild-type EBs (Table
the genes that showed variation by microarray analysis and f8B). Furthermore, both (+/-) and (-/-) EBs featured increased
which we had immunoblot data. RNA was prepared from botimRNA levels of claudin-2 [~15.3-fold in (+/-) and ~19.4-fold
ES cells and EBs in order to determine whether genm (—/-)], claudin-6 [~2.5-fold in (+/-) and ~2.3-fold in (—/-)],
expression changed with differentiation. For each gA@, claudin-7 [~3.9-fold in (+/-) and ~3.7-fold in (—/-)] and
values were determined, corresponding to mRNA levels thaiccludin [~3.1-fold in (+/=) and ~2.9-fold in (—/-)] (Table 3B).
were normalized to the housekeeping geliRT. In each set By contrast, no significant change in mRNA levels was
of samples, thACt values of the two clones of each genotypeobserved for any of the other genes that were examined. Thus,
were similar (see Table S1 in supplementary materialynicroarray analysis data were quantitatively equivalent to
real-time gRT-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

Table 2. Homozygous (—/-) cingulin-mutant EBs feature
selective changes in the expression of some TJ genes

Gene GenBank accession number _ Change* (-1~ vs +*) "1 din-2 (~69.1-fold), claudin-6 (~19.7-fold), claudin-7
gg_glulm NJSSgggse mg (~26.5-fold), occludin (~10.2-fold) and JAM-1 (~8.6-fold), as
70-2 NM_011597 NG well as for cingulin (~3.9-fold), ZO-1 (~2.4-fold), ZO-2 (~2.8-
70-3 NM 013769 NC fold), ZO-3 (~2.2-fold), PAR-3 (~2.8-fold) and Lfc (~2.9-fold)
Claudin-2 BC015252 21-fold increase ~ (Table 3C).
Claudin-6 BC005718 2.4-fold increase Because the epithelial cells of the outer layer of cystic EBs
g'a“d'r."7 BC008104 3.0-fold increase ¢4 ragnond to visceral endoderm (Doetschman et al., 1985), we
ccludin NM_008756 2.8-fold increase . . )
JAM-1 BC021876 NC determ]ned by microarray analyas the mRNA levels of some
PAR-3 NM_033620 NC genes involved in the transcriptional cascade that controls the
Lfc u28495 NC differentiation of this embryonic layer (Morrisey et al., 1998).

*P<0.05; NC, no changé$0.05); ND, not detected.

As shown in Table 4, mRNA levels for the transcription factors
GATA-6, GATA-4 and HNF-4, and some of their known

Table 3. Real-time gRT-PCR on wild-type (+/+), heterozygous (+/-) and homozygous (—/—) clones

A: B: . o
C: Differentiation
ES cells EBs of wild-type
+/—vs +/+ —/— Vs +/+ +/—vs +/+ —/— Vs +/+ ES cells into EBs
Gene AACt Fold change*  AACt Fold change*  AACt Fold change*  AACt Fold change* AACt Fold change*
Cingulin 0.92+0.32 119 ND | Total —0.30+0.26 NC ND | Total -1.9740.32 1 3.9
ZO-1a~ 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-la* 0.31+0.14 NC 0.16+0.12 NC —0.28+0.11 NC —0.18+0.13 NC -1.27+0.11t 2.4
Z0-2 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
Z0-3 —0.35+0.32 NC —0.42+0.25 NC —0.35+0.17 NC —0.20+0.14 NC —1.13+0.2% 2.2
Claudin-2 -0.16+0.22 NC 0.22+0.25 NC -3.94+0.41 1 15.3 —4.28+0.36 1 19.4 —-6.11+0.26 1t 69.1
Claudin-6 —0.33+0.23 NC —0.33+0.30 NC -1.35+0.14 125 -1.23+0.16 t 2.3 -4.30+0.22 1 19.7
Claudin-7 -0.25+0.21 NC -0.28+0.22 NC -1.98+0.09 1 3.9 —-1.88+0.22 1 3.7 -4.73+0.17 1 26.5
Occludin —0.08+0.12 NC —0.05+0.12 NC -1.62+0.32 1 3.1 —-1.55+0.25 t 2.9 -3.35+0.18 1 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+0.20r 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 changé$0.05); ND, not detected; arrows indicate up- or downregulation of gene expression.
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downstream targetso{fetoprotein, transferrin, ApoAl and Labeling for cingulin (Fig. 5A,B, green channel) was
ApoAIV) were significantly increased above wild-type valuesdetected in all wild-type (+/+) and heterozygous (+/-) EBs at
in cingulin homozygous (—/-) EBs. areas of contact between adjacent cells of the epithelial layer
lining the cavities of cystic EBs. As shown by merged images,
. o o cingulin was precisely co-localized with ZO-1 (Fig. 5A, red
Wild-type and cingulin-mutant epithelial cells form channel) and occludin labeling (Fig. 5B, red channel). The
structurally normal TJs within EBs intensities of occludin and ZO-1 labeling were similar in wild-
Wild-type and cingulin-mutant ES cells formed colonies andype and mutant EBs, despite the observation that protein levels
EBs that appeared similar with regard to growth rate, size andere altered in mutant EBs by immunoblot analysis (Fig. 2).
light microscopy morphology (data not shown). Transmissioriabeling of EB sections with anti-claudin-6 antibodies
and freeze-fracture electron microscopy were used to assessréJealed co-localization with ZO-1 at areas of cell-cell contact,
ultrastructure in cystic EBs. Transmission electron microscopgind no obvious changes in fluorescent label intensity were
showed that cystic EBs were lined by an outer layer of viscerabserved between wild-type and mutant EBs (Fig. 5C). In
endoderm epithelial cells, characterized by apical microvillhomozygous (-/-) EBs, no cingulin labeling was detected at
projecting into the external medium (Fig. 3A). Occasionallythe cell border (Fig. 5A,B, —/-), whereas ZO-1, occludin and
an inner layer consisting of flattened cells was detected beloglaudin-6 labeling were indistinguishable from those of wild-
the epithelial cells (Fig. 3A). No TJs were detected bytype EBs. Despite the observation that a truncated form of
transmission electron microscopy in this layer. cingulin is detectable by immunoblotting in the Triton-soluble
Transmission and freeze-fracture electron microscopyraction of heterozygous (+/-) and homozygous (-/—) EBs (Fig.
showed typical TJs in the apical regions of the outer layer ), we could not unambiguously detect cytoplasmic labeling
epithelial cells (visceral endoderm) in wild-type (Fig. 3B, above background in the heterozygous (+/-) and homozygous
Fig. 4B,E), heterozygous (+/-) (Fig. 3C, Fig. 4C,F) and(—/-) EBs (Fig. 5A,B, —/-).
homozygous (-/-) (Fig. 3D, Fig. 4D,G) cystic EBs. To evaluate the permeability of TJs in cystic EBs, we used
Irrespective of the genotype, TJs were organized both dke covalent cross-linker NHS-LC-Biotin, which binds to
continuous belts, comprising three to five parallel strandproteins on accessible cell surfaces (Chen et al., 1997). EBs
spanning long portions of the cell membrane and interlinkefom wild-type, heterozygous (+/-) and homozygous (/=) ES
by few fibrils (Fig. 4A-D), and as focal arrays, comprisingclones showed biotin labeling only on apical surfaces (Fig.
intermingled fibrils that delineated small membrane domain8D), indicating that functional TJs, impermeable to the
(Fig. 4A,E-G). Quantitative analysis failed to show majorcompound, exist in all these EBs. Labeling of actin filaments
differences between the thickness of TJ complexes (typicallywith TRITC-phalloidin was intense on the apical membrane
0.4-0.6um), the number of strands per belt (typically three tcand along cell-cell borders, and was similar in wild-type and
five) or the individual fibril length in both focal arrays and beltsmutant EBs (Fig. 5D).
(typically 0.4-0.5um) (Table 5).

Discussion
Cingulin mutation alters neither the junctional The objective of the present study was to determine whether
localization of ZO-1, occludin and claudin-6 nor the lack of junctional cingulin affects TJ organization and what are
permeability of TJs in cystic EBs the functional consequences of a targeted deletion of the

To determine the subcellular distribution of TJ proteinscingulin head domain in epithelial cells. The results
frozen sections of EBs of each of the six clones wereéemonstrate that lack of junctional cingulin does not prevent
immunofluorescently labeled. Of the available antibodies, onliffJ formation, and that EBs lacking full-length cingulin and
those against cingulin, ZO-1, occludin and claudin-6 resultedxpressing a truncated form of cingulin display altered levels
in specific junctional labeling of the outer layer (visceralof some TJ proteins and altered expression of TJ-related genes
endoderm) of epithelial cells lining the cavities of cystic EBsand genes involved in endodermal differentiation.
(Fig. 5A-C). No junctional labeling was observed either in The cingulin sequence that was deleted by homologous
other regions of cystic EBs or in non-cystic EBs. 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
Table 4. Homozygous (-/-) cingulin-mutant EBs show  homozygous (-/-) EBs, and a truncated form of cingulin was
changes in the expression of some genes involved in detected in heterozygous (+/-) and homozygous (-/-) EBs.

visceral endoderm differentiation Immunofluorescence analysis revealed no junctional
GenBank Fold increase*  localization of cingulin in homozygous (—/—) epithelial cells,

Gene accession number (-—~vs+/+)  confirming that the truncated protein is not recruited to
HNF-4a NM 008261 25 junctions, in agreement with previous observations
GATA-6 AF179425 2.3 (Cordenonsi et al., 1999a; D’'Atri et al., 2002). Furthermore,
GATA-4 ABO75549 2.5 only full-length cingulin was detectable in the Triton-insoluble
a-Fetoprotein NM_007423 42.2 fraction of EBs, providing biochemical evidence that the
Transferrin AF440692 16.1 - . . - g
ApoAl NM_009692 35.6 truncated protein is cytoplasmic. Our inability to detect specific
ApOAIV BC010769 26.4 cytoplasmic labeling in epithelial cells of heterozygous (+/-)

and homozygous (-/-) EBs could be due to some loss of the
*P<0.05. protein upon cell permeabilization and the difficulty in
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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 bans, 2
(A), 100 nm (B-D).

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

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 (Im) 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 pin5(A),

225 nm (B-G).
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Table 5. Quantitative analysis of TJ ultrastructure in EBs

FF
TEM
Genotype Clone TJ thicknegsnb) Belt thicknessp(m) Strands per belt Fibril lengtiurf)
+/+ WT1 0.52+0.1414=12) 0.42+0.051(=27) 3.0+0.3 4=27) 0.50+0.051§=426)
WT2 0.58+0.131(=15) 0.51+0.061§=24) 4.1+0.4 4=24) 0.46+0.041§=775)
+/— 1;10 0.57+0.15r=13) 0.34+0.041§=21) 4.0+0.4 p=21) 0.50+0.071§=466)
1,166 0.48+0.10r=16) 0.47%0.061§=15) 5.3+0.514=15) 0.50+0.041§=565)
/- 34 0.46+0.15r=15) 0.24+0.031=12) 3.6+0.4 4=12) 0.42+0.041§=331)
3;96 0.48+0.201{=13) 0.53+0.071§=12) 4.2+0.44=12) 0.43+0.061§=395)

TEM, transmission electron microscopy; FF, freeze-fracture.
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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.,
1999b) and F-actin (Fanning et al., 1998;
1999). However, ZO-1
recruitment into junctions does not depend on occludin,
because ZO-1 is normally localized in occludin-deficient
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

1999a; Itoh et al.,
ltoh et al., 1997; Wittchen et al.,

epithelial cells of EBs (Saitou et al.,

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

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 mt 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, 10um.
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levels, by measuring mRNA levels by microarray and real-timer its role as a transcription factor. Another hypothesis is that
gRT-PCR analysis. In the case of claudin-6 and occludin, theingulin mutation affects the level of mRNAs coding for
increase in protein levels was correlated with a significantJ proteins indirectly, by perturbing transcriptional and/or
increase in MRNA levels in both heterozygous (+/-) andranslational regulatory networks that control the expression
homozygous (-/-) EBs. Thus, increased claudin-6 andnd mRNA stability of TJ-protein genes. Consistent with this
occludin protein levels reflected changes in transcript levelpossibility, we noticed that the genes whose mRNA levels were
However, for occludin, we speculate that additional postincreased in cingulin-mutant EBs (claudin-2, claudin-6,
transcriptional mechanisms might be involved, because themtaudin-7 and occludin) are the same as those that are induced
was a larger increase in occludin protein levels in heterozygousy retinoic-acid treatment or overexpression of the hepatocyte
(+/-) and homozygous (—/—) EBs than for claudin-6, whereasuclear receptor HNFedin F9 murine embryonal carcinoma
the mRNA increases were similar for the two proteins. Despiteells (Chiba et al., 2003; Kubota et al., 2001). Strikingly, we
the observed increases in protein and transcript levels, tlshowed increased transcript levels for the transcription factors
immunofluorescent distribution of occludin and claudin-6 wereHNF-4a, GATA-4 and GATA-6 in homozygous (-/-) EBs.
similar in wild-type and mutant EBs. In addition, electronHNF-4a is an early endodermal marker and, together with
microscopy revealed similar TJ fibrils and belts, which aréGATA-4, it acts as a target of GATA-6 (Morrisey et al., 1998).
made of occludin and claudins (Tsukita et al., 2001), in wildin turn, HNF-4x controls the transcription of late endodermal
type and mutant EBs. Thus, altered protein and transcripharkers such as-fetoprotein, transferrin, ApoAl and ApoAlV
levels for TJ fibril components did not appear to influencgMorrisey et al., 1998). Loss of GATA-6, GATA-4 or HNIe-4
significantly the assembly of TJ strands. Because the levels lgfads to defects in visceral endoderm differentiation, resulting
mMRNAs encoding ZO-1, ZO-2 and Lfc were not significantlyin cell death within the ectoderm of mouse embryos (Chen et
different in wild-type and mutant EBs, we speculate thatl., 1994; Koutsourakis et al., 1999; Morrisey et al., 1998;
the altered steady-state levels of these TJ proteins wereSmudais et al., 1995). Because the mRNA levels of all these
consequence of decreased (ZO-1) or increased (ZO-2 and Lfcanscription factors and targets were significantly increased in
protein stability, and/or changes in translation efficiencyhomozygous (—/-) EBs, our results strongly indicate that the
caused by the mutation of cingulin. Because cingulin interactsiechanism through which cingulin mutation influences the
in vivo with ZO-1 and ZO-2 (Cordenonsi et al., 1999a; D’Atri expression of occludin and claudin genes is by altering the
et al., 2002), one possible functional scenario is that cingulitevels of GATA-6, GATA-4 and HNF-.
mutation induces decreased ZO-1 protein stability, with ZO-2 The observation that the phenotype of heterozygous (+/-)
levels increased as a compensatory mechanism. FurthermoEBs was almost identical to that of homozygous (-/-) EBs
the increased Lfc levels in homozygous (—/—) EBs indicate adicates that the differences observed in protein and transcript
functional link between cingulin and Lfc. levels are due either to haploinsufficiency or to a dominant-
Transcript levels of claudin-2, claudin-6, claudin-7, occludinnegative effect of the truncated cingulin. Cytoplasmic
and several transcription factors (see below) were increasedtimincated cingulin might influence protein and mRNA levels
cingulin-mutant EBs. The increases in claudin-2, claudin-6by one or more of several mechanisms. Truncated cingulin
claudin-7 and occludin mMRNAs were not apparent in ES cellsnight affect the dynamics of the actin cytoskeleton directly or
demonstrating that cingulin mutation affected mMRNA levelsndirectly (for example, through modulation of the Rho
only in differentiated cells, which contain TJs. To ourregulator Lfc) and thus change the activity and/or nuclear
knowledge, this is the first time that significant changes imccumulation of transcription factors that are regulated by the
transcript levels have been reported following mutation of @rganization of the actin cytoskeleton (Sotiropoulos et al.,
structural component of TJs. Although our results suggest th&B99). Another possibility is that truncated cingulin interacts
cingulin might be implicated in the regulation of genedirectly with transcription factors and affects their subcellular
expression, previous studies have shown that cytoskeletal adistribution. Experiments to test these hypotheses are beyond
junction-associated proteins such @gatenin (Behrens et the scope of the present study and will be carried out in the
al., 1996), actin (Sotiropoulos et al., 1999) and tubulirfuture.
(Ziegelbauer et al., 2001) are implicated in transcriptional In summary, we have demonstrated that targeted deletion
regulation. In addition, the TJ proteins ZO-1 and ZO-2 havef most of the head domain of cingulin in ES cells abolishes
been detected in the nucleus (Gottardi et al., 1996; Islas et aingulin junctional recruitment without preventing TJ
2002) and have been shown to interact with the transcripticiormation in epithelial cells of differentiated EBs. We
factors ZONAB (Balda and Matter, 2000), Fos, Jun and C/EBBhowed that junctional cingulin is not required either for
(Betanzos et al., 2004), suggesting that TJ proteins can regul@g@ctional targeting of ZO-1, occludin and claudin-6 or for
gene activity by modulating the nuclear accumulation othe formation of a paracellular TJ barrier. We showed that, in
transcription factors. EBs, cingulin mutation results in altered protein levels for
What is the mechanism through which cingulin mutationsome TJ proteins and in increased transcript levels for
affects mRNA levels of claudin-2, claudin-6, claudin-7 andclaudin-2, claudin-6, claudin-7 and occludin, probably via the
occludin? The simplest hypothesis is that cingulin directlyactivation of the GATA-6/HNF-d¢ visceral-endoderm
influences the transcription rate of these TJ genes or thfferentiation pathway. Although additional studies will be
stability of their respective mRNAs. However, althoughnecessary to investigate the pathway linking cingulin and
cingulin has been detected in the nucleus (Citi and CordenonsiNF-4a to the expression of claudin and occludin genes,
1999; Nakamura et al., 2000), and exogenously expresséldese results suggest for the first time that cingulin might
cingulin head domain can localize to the nucleus (D’Atri et al.participate in regulating the expression of genes implicated
2002), nothing is known about its interaction with nucleic acids$n epithelial differentiation.
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