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August 22, 1996)

ABSTRACT Catenins are proteins associated with the
cytoplasmic domain of cadherins, a family of transmembrane
cell adhesion molecules. The cadherin–catenin adhesion sys-
tem is involved in morphogenesis during development and in
the maintenance of the integrity of different tissue types.
Using a gene trap strategy, we have isolated a mouse mutation
for the gene encoding the a-E-catenin. This form of the
a-catenin appears frequently coexpressed with E-cadherin in
epithelial cell types. The mutation obtained eliminates the
carboxyl-terminal third of the protein but nevertheless pro-
vokes a complete loss-of-function phenotype. Homozygous
mutants show disruption of the trophoblast epithelium (the
first differentiated embryonic tissue), and development is
consequently blocked at the blastocyst stage. This phenotype
parallels the defects observed in E-cadherin mutant embryos.
Our results show the requirement of the a-E-catenin carboxy
terminus for its function and represent evidence of the role of
the a-E-catenin in vivo, identifying this molecule as the
natural partner of the E-cadherin in trophoblast epithelium.

Cadherins constitute a family of transmembrane cell adhesion
molecules mediating homophilic cell–cell adhesion (1). To
form a functional complex, they require association with the
cytoplasmic proteins catenins (2). Two different classes of
molecularly unrelated catenins have been defined, the a- and
b-catenins. Both are required to obtain a functional complex
(3, 4). The minimal cadherin–catenin complex is composed of
cadherin, b-catenin or plakoglobin, and a-catenin molecules
(5–7). In this complex, b-catenin binds directly to the cadherin
cytoplasmic domain and a-E-catenin binds to b-catenin, with-
out direct interaction with cadherin (8). Binding of the com-
plex to the actin-based cytoskeleton is considered essential for
its functional organization. a-Catenin has been found to bind
actin (9) and to mediate the binding of a-actinin to the
cadherin–catenin complex (10) and therefore stands out as the
best candidate for the molecule binding the complex to the
cytoskeleton.
The cadherin family is very diverse, and a large number of

members have been identified (11). This diversity is possibly
related to the establishment and maintenance of cohesive
interactions within many different embryonic and adult tis-
sues. In contrast, only two a-catenins (12–14), one b-catenin
(15, 16), and the related molecule plakoglobin (17) have been
described (2). It is therefore likely that there is a considerable
degree of promiscuity of catenins in their association with the
different cadherins. In fact, in vitro experiments demonstrated

that the two a-catenins, E and N, are functionally interchange-
able (14). Despite this functional redundancy in vitro, expres-
sion of the two a-catenins is temporally and spatially regulated
in vivo, suggesting their functional specialization. a-E-catenin
tends to be expressed in epithelial cell types, coinciding in
many tissues with the expression of the E-cadherin (18, 19). A
mouse mutation of the E-cadherin obtained by gene targeting
disrupts the formation of the trophectoderm, which is the first
epithelial tissue to differentiate in the mouse embryo (20, 21).
We present here the molecular and developmental analysis

of the mutant phenotype of a gene trap-induced mouse
mutation of the a-E-catenin gene. Gene trapping is an efficient
way to target endogenous genes in embryonic stem (ES) cells,
it is a highly mutagenic screen and allows monitoring of the
expression of the endogenous promoter by a LacZ reporter
gene (22–24). The mutation obtained for the a-E-catenin gene
specifically deletes the region encoding the carboxyl-terminal
third of the protein and results in a phenotype similar to the
E-cadherin mutant. The results presented provide evidence of
the role of the a-E-catenin in vivo and show that this molecule
is required for the formation of the trophectoderm at the
blastocyst stage, identifying it as the in vivo partner of E-
cadherin in preimplantation development.

MATERIALS AND METHODS

Gene Trap Strategy. The gene trap vector pGT1.8geo (25)
containing the b-geo reporter-selectable marker (23) was
electroporated in R1 ES cells (26) as described (27). Positive
clones were stained for detection of LacZ expression and used
to generate mouse chimeras by morula aggregation as de-
scribed (26). The expression patterns of the trapped genes was
determined by whole mount LacZ staining of heterozygous
embryos as described (28).
5* Rapid Amplification of cDNA Ends (RACE). Total RNA

from the ES cell clone VII-45 was used for 59 RACE using the
GIBCOyBRL kit (no. 8374SA). The primers used are shown
in Fig. 1. RACE products were cloned in a pGem-T vector
(Promega).
Genotyping of Mice and Cell Lines. Southern blot analysis

was performed to identify the presence of the mutant and
wild-type alleles. A probe shown in Fig. 1 that recognizes a
4.2-kb SacI band in the mutant allele and a 3-kb SacI band in
the wild-type allele was used.
Embryo and ES Cell Culture. Preimplantation embryos

were retrieved from the oviduct by flushing with M2 medium
and cultured in microdrops of M16 under mineral oil at 378C
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in 5% CO2y95% air. To establish cell lines from the blasto-
cysts, the zona pellucida was removed by incubation in acid
Tyrode solution, and blastocysts were plated individually in
96-well plates in M16 medium. After 5 days, they were
trypsinized, transferred to ES cell culture conditions, and
expanded.
Immunoprecipitations and Immunoblotting. Immunopre-

cipitations on 35S metabolically labeled cell lysates were per-
formed as described (5). Lysates were adjusted by measuring
the incorporated radioactivity after trichloroacetic acid pre-
cipitation. After SDSyPAGE, gels were fixed in 10% (volyvol)
acetic acid, incubated for 30 min in 1 M Na-salicylate and
subsequently dried for fluorography. For immunodetection,
the SDSyPAGE-separated proteins were transferred electro-
phoretically to nitrocellulose membranes, blocked in 10 mM
TriszHCl (pH 7.4), 150 mM NaCl, and 0.1% Tween 20 for 1 h
at room temperature and incubated with antibodies, 1 h with
the primary antibody, and 1 h with peroxidase-conjugated
secondary antibody (Dianova, Hamburg, Germany). For de-
tection, the ECL system (Amersham) was used according to
themanufacturer’s instructions. CMT cells used as controls are
a mouse rectum carcinoma cell line with epithelial morphology
(ATCC CCL 223).
Immunofluorescence in Blastocysts. Blastocysts were fix in

2% paraformaldehide for 20 min, permeabilized in 0.02%
Triton X-100 for 20 min, preincubated in 2% fetal calf serum
in PBS 1 h, incubated for 1 h in the primary antiboby, washed
for 1 h in PBS, and incubated for 30 min in the secondary
antibody.
Antibodies. For immunological work, affinity-purified anti-

peptide antibodies against catenins were used as described (5).
Rabbit antiserum against mouse E-cadherin was raised against
the recombinant extracellular domain of E-cadherin expressed
in insect cells (29) and affinity-purified. Purified antibodies (20
ngyml) were used for enhanced chemiluminescence detection
on immunoblots and 2–5 mg for immunoprecipitations.

RESULTS

Characterization of the Gene Trap Insertion and LacZ
Activity in Mice. In a large-scale gene trap screening program,
we have isolated an ES cell clone trapping a promoter showing
an interesting spatio-temporal expression pattern. Using 59
RACE from the known reporter gene sequences, a fragment
of the endogenous gene was cloned. The sequence of the 59
RACE product revealed an insertion into the coding region of
the a-E-catenin. (Fig. 1 A and B). The sequence obtained
shows an in-frame fusion of the reporter b-geo gene to the
a-E-catenin after the position encoding the amino acid 632 of
the 906 aa composing the protein (12, 13) (Fig. 1 C andD). We
refer to this mutation as a-E-cateninGT1. The insertion predicts
the expression of the reporter protein b-geo, fused to the
truncated a-E-catenin protein, under the influence of the
a-E-catenin gene control regions.
We found that the LacZ reporter gene is extensively ex-

pressed during embryonic development, mostly confined to all
epithelial tissues irrespectively of their germ layer origin.
Expression in epithelia occurs both in transient embryonic
structures, such as somites, mesonephros, and early neural
epithelium, as well as in definitive epithelia in different viscera,
such as lungs, pancreas, gut, kidney, and ependymal layer in
the central nervous system, among others (Fig. 2). The LacZ
expression observed is in agreement with and extends previ-
ously reported expression data of a-E-catenin (19, 30).
During preimplantational embryonic development, LacZ is

extensively expressed and coincides with the expression pat-
tern described for the E-cadherin (31). In addition, as the
trophoblast is being formed, LacZ signal localizes to the cell
junctions between trophoblast cells, similar to E-cadherin and
endogenous a-E-catenin (Fig. 2E). Targeting of the b-geo

reporter protein to the cell-to-cell junction confirms the
production of the predicted fusion to the endogenous a-E-
catenin.
Phenotypic Analysis of the a-E-cateninGT1 Mutation. To

genetically analyze the function of this gene, we produced mice
homozygous for a-E-cateninGT1. Heterozygous animals were
found at the expected ratio during all gestational stages tested
and after birth; however, no homozygous embryos were found
either after birth or at any postimplantation stage (out of 238
specimens analyzed). To study a possible defect during pre-
implantation development, we cultured mutant embryos in
vitro. At 3.5 days postcoitum (dpc), wild-type embryos produce

FIG. 1. Characterization of the gene trap vector insertion into the
a-E-catenin locus. (A) Sequence of the gene trap vector around the
splice acceptor site, which is indicated by an arrowhead. Lines 1, 2, and
3 show the primers used for cDNA synthesis, first and second PCR
amplification rounds, respectively. (B) Sequence obtained by 59
RACE from total RNA isolated from a-E-cateninGT1 heterozygous ES
cells. Note the truncation of the vector sequence at exactly the splice
acceptor site. The new sequence incorporated by splicing ends at the
nucleotide number 1899 of the a-E-catenin coding region. (C) Struc-
ture of the insertion obtained. The hatched boxes indicate the 59,
internal, and 39 probes used to characterize the insertion site. The SacI
sites are represented to show the restriction fragment polymorphism
used to identify the mutant allele. (D) Predicted structure of the
mutant fusion protein produced. sa, Splice acceptor; pa, polyadeni-
lation signal; WT, wild type.
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an expanded blastocyst cavity and by 4.5 dpc, they hatch (Fig.
3A). About one-fourth of the embryos deriving from crosses
between heterozygous a-E-cateninGT1 mice produce blasto-
cysts that show a reduced expansion of the blastocoelic cavity
at 3.5 dpc (Fig. 3B; Table 1). During the next 24 h of in vitro
culture, the abnormal embryos repeatedly swell and collapse,
without being able to generate a blastocoelic cavity. After this
period, they become completely disorganized and are consti-
tuted of a mass of rounded cells which remain inside the zona
pellucida without hatching (Fig. 3B). These abnormalities were
never found when control crosses were established. In addi-
tion, blue staining of the preimplantational embryos show

three classes of staining intensity: no staining, medium stain-
ing, and strong staining. While normal embryos show either
medium or no staining, abnormal embryos always show strong
staining (Table 1). This last class is likely to represent the
homozygous mutants, which contain two copies per cell of the
LacZ gene (Table 1). The zona pellucida from normal and
abnormal embryos was then removed and embryos were
cultured further. While normal embryos developed an out-
growth of the inner cell mass in the form of intimately
associated cells, abnormal ones produced cells that remained
round and did not adhere to each other (Fig. 4 A–D). Cell lines
were established from both types of embryos (four from each

FIG. 2. b-Galactosidase expression in a-E-cateninGT1 heterozygous embryos. All plates show specimens stained for detection of b-galactosidase.
(A) Whole mount E12 embryo. (B) Mesonephros and gonad stained after dissection from an E12 embryo. (C) A lung primordium from the same
embryo. (D) Detail of the head region of a sagittal section of an E13 embryo after b-galactosidase staining. (E) Whole mount expanded blastocyst.
e, Inner ear; eb, epithelial branches in the lung; g, gonad; icm, inner cell mass; m, mesenchyme of the lung; md, mesonephric duct; ms,
mesencephalon; mt, mesonephric tubules; pmd, paramesonephric duct; so, somites; t, telencephalon; tr, trophoblast. Arrowheads in E point to the
junctions between trophoblast cells. Open arrowhead in D points to the ventricular layer of the prospective telencephalic cortical region, and filled
arrowhead points to the nasal epithelium.
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category). The lines deriving from the normal embryos show
a typical ES morphology, while the lines deriving from the
abnormal embryos divide normally, but remain round and do
not adhere to one another. Genotyping of the cell lines showed
that the four lines that do not adhere were homozygous for the
gene trap insertion, while the four remaining lines were
heterozygous (Fig. 4E).
Composition of the Cadherin–Catenin Complex in a-E-

cateninGT1 Mutant Cell Lines and Embryos. Immunoprecipi-
tations using either anti E-cadherin or anti-a-E-catenin anti-
bodies detect all the components of the cadherin complex in
both wild-type and heterozygous ES cells (Fig. 5). In contrast,
a-E-catenin is not detected in homozygous mutant cells with
an antibody specific for the deleted carboxyl-terminal region,
indicating that the mutation completely eliminates the pro-
duction of wild-type protein. Interestingly, b-catenin and
E-cadherin coprecipitate in mutant cells, showing that in the
absence of wild-type a-E-catenin, b-catenin still binds to the
E-cadherin. However, the abundance of the E-cadherin–b-
catenin complexes is very much reduced in mutant cells
because only a vastly extended exposure time (14 times longer
than control) allowed detection of these proteins in a com-
plexed form. One possible explanation is that the mutant
protein has a direct destabilizing effect on the complex. In that
case, the primary cause of the mutant phenotype would be the
displacement of E-cadherin and b-catenin from the cell junc-
tion in the blastocyst. To test this possibility, the expression and
localization of E-cadherin, b-catenin, and a-E-catenin were

analyzed in wild-type and mutant blastocysts (Fig. 6). The
expression of wild-type a-E-catenin was determined in pre-
implantational stages using an antibody specific for the car-
boxy terminus of the protein, the region deleted in the mutant
protein. During morula stages, we detected normal levels of
the wild-type protein in all embryos; however, this expression
is dramatically reduced to residual levels in those embryos that
start to exhibit signs of the mutant phenotype around 3.5 dpc
(Fig. 6 A and B). Residual staining was not detected at later
embryonic stages, strongly suggesting that the staining ob-
served in early embryos is of maternal origin. In all cases, the
presence of the mutant phenotype correlates with the dramatic
reduction or absence of detectable levels of the wild-type
protein (Table 1). Staining for wild-type a-E-catenin was
therefore used to select embryos where the protein has already
mostly disappeared from the cell-to-cell junction but in which
the general architecture of the embryo is still retained (Fig. 6
A and B). The selected embryos were subsequently subjected
to immunostaining for detection of E-cadherin and b-catenin.
Despite the presence of, at most, residual levels of a-E-catenin,
no obvious change was found in the intensity or distribution of
either E-cadherin or b-catenin in a-E-cateninGT1 mutant em-
bryos. These observations suggest that the primary cause for
the loss of adhesiveness is not the disassembly of any of the
known essential components of the complex.

FIG. 3. Mutant phenotype of a-E-cateninGT1 blastocysts. (A) Se-
quence of three time points between 3.5 and 4.5 days of in vitro
development of a wild-type blastocyst. 3.5 dpc, Early blastocyst; 4 dpc,
expanded blastocyst; 4.5 dpc, hatching blastocyst. (B) Sequence of six
time points between 3.5 and 5.5 days of in vitro development of an
abnormally developing embryo derived from a cross between a-E-
cateninGT1 heterozygous animals.

FIG. 4. Evolution of cultured blastocysts and genotyping of cell
lines derived from normally and abnormally developing embryos. (A
and B) Primary cultures of normally and abnormally developing
blastocysts after zona pellucida removal and 5 days of culture, respec-
tively. (C and D) Established cell lines derived from normally and
abnormally developing embryos, respectively. (E) Genotyping of the
established cell lines by Southern blot analysis following the strategy
described in Fig. 1. Lanes 1–4 correspond to cell lines derived from
abnormally developing embryos, and lanes 5–8 correspond to lines
derived from normal embryos. The 4.2-kb band identifies the mutant
allele, and the 3-kb band identifies the wild-type allele.

Table 1. Preimplantation mutant phenotype

Embryo

Intensity of
LacZ
staining

a-E-
catenin
immuno-
staining

Total11 1 2 1 2

Normal 0 20 11 29 0 60
Abnormal 12 0 0 0 11 23
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DISCUSSION

Evidence obtained in vitro has shown that a-E-catenin is an
essential component of the cadherin complex (14). Both
a-catenins identified to date (E and N) appear equivalent in
conferring epithelial phenotype in cell lines in vitro. Our results
show that a-E-catenin is essential for the formation of the first
tissue to differentiate in the mouse embryo, the trophoblast
epithelium. Previous evidence had shown that E-cadherin is
also required for the formation of the trophectoderm in the
mouse blastocyst (20, 21). The similar phenotype observed in
the a-E-catenin mutant embryos indicates that this molecule
is an indispensable component of the E-cadherin functional
complex in the blastocyst and that related molecules are not
able to substitute for it in the formation of the trophoblast
epithelial junction. Thus, even though in vitro different cad-
herin–catenin combinations are able to promote similar phe-
notypic changes, subtle differences may exist between the

different possible complexes which determine their specificity
in vivo. In particular, E-cadherin and a-E-catenin appear
frequently coexpressed in epithelial cell types. Epithelial cells
form an specialized junction, the zona adherens, essential for
maintenance of the epithelial cell polarity and the sealing
between the apical and basal extracellular compartments. It is
therefore possible that, while a less specific, diffuse adhesion
may be provided by a variety of cadherin–catenin combina-
tions, the building of the more specialized zona adherens in
epithelial cells requires specific features of the E-cadherin and
a-E-catenin molecules.
The absolute requirement for a-E-catenin in trophoblast

formation contrasts with the dispensability for b-catenin (32).
b-Catenin has, in addition to its structural role in the complex,
important signaling functions in development, cell prolifera-
tion, and cell behavior, as revealed by biochemical and func-
tional evidence (33). Signaling is probably the most relevant
function of b-catenin because, in its absence, a chimeric
protein composed of cadherin and a-catenin is partially func-
tional in cell adhesion (18). These results may explain the
dispensability of b-catenin during blastocyst formation, where
its structural function is probably replaced by related proteins

FIG. 5. Identification of the components of the cadherin–catenin
complex in wild-type and mutant ES cells. (A) Cell lysates of meta-
bolically labeled R1 (parental ES cell line), a-E-cateninGT1 heterozy-
gous (1y2) and a-E-cateninGT1 homozygous (2y2) cells were pre-
cipitated with anti-E-cadherin, b- or a-catenin, as shown. Fluographs
from R1 and heterozygous cells were exposed for 24 h, and those from
homozygous mutant cells required 14 days exposure to detect a similar
signal for E-cadherin and b-catenin. The positions of E-cadherin,
a-catenin, b-catenin, and plakoglobin are shown on the left. (B) Cell
lysates from CMT, 2y2 ES, and 1y2 ES cells were immunoprecipi-
tated with anti-E-cadherin, b-catenin, or a-catenin antibodies as
shown. Subsequently blots were subjected to ECL-detection with
different combinations of the three antibodies, as shown. Again, the
lanes corresponding to the homozygousmutant cells were overexposed
to detect E-cadherin and b-catenin. Lanes 5 and 6 show a background
band at the level of the b-catenin. This band is unspecific and appears
as well in overexposures of CMT cells (lanes 3 and 4,and data not
shown). The positions of the components of the complex are indicated
on the left.

FIG. 6. Immunofluorescent detection of the components of the
cadherin–catenin complex in mutant blastocysts. Blastocysts showing
normal development (A, C, and E) and blastocysts showing a mutant
phenotype (B, D, and F) were incubated with anti-a-catenin primary
antibody and a fluorescein-conjugated secondary antibody. Normally
developing embryos were positive for a-E-catenin, and embryos
showing the mutant phenotype were negative or showed residual
staining for a-E-catenin. Examples of a normal embryo showing a
positive signal and a mutant embryo showing residual staining are
shown inA and B, respectively. The photograph in Bwas exposed three
times longer than photograph in A to show the residual staining.
Mutant and wild-type embryos were then incubated with anti-E-
cadherin (C and D) or anti-b-catenin (E and F) and a Cy3-conjugated
secondary antibody.
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such as plakoglobin and, in contrast, its absolute requirement
during gastrulation (32), when important signaling functions
have been proposed for this molecule (34).
The fusion protein generated by the gene trap insertion only

lacks the carboxyl-terminal part of a-E-catenin. We have
detected the mutant protein in the heterozygous mutant
blastocysts localized to the junctions between the cells (Fig.
4E), suggesting that the ability of the mutant protein to bind
to the complex is kept. In addition, both cadherin and b-cate-
nin localize to the cell junction in homozygousmutant embryos
and associate together in homozygous mutant cells. These
observations are consistent with the current view of the
assembly of the cadherin–catenin complex and suggest that the
regions of a-E-catenin involved in binding to b-catenin are
conserved in the mutant protein. Binding of the cadherin–
catenin complexes to cytoskeletal components has been pro-
posed to be essential for the binding activity, and biochemical
evidence points to a-E-catenin as being responsible for this
interaction (9, 10).
It is therefore possible that the carboxyl-terminal regions

deleted in the mutant include those needed for the interaction
with cytoskeletal components. In this case, the mutant phe-
notype would result from the inability of the cadherin–catenin
complexes to interact with cytoskeletal components and
thereby achieve a stable and functional epithelial junction.
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