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Abstract

p-catenin interacts with a number of proteins in different important biological processes, including cell adhesion through
cadherins, actin organization through fascin, body axis determination through Wnt signaling, tumor suppression through APC,
and transcriptional activation through LEF-1. To examine its function in chicken embryogenesis, we isolated the chicken homolog
of f-catenin from a chicken embryo cDNA library. The sequence is highly conserved at the amino acid level between chicken,
mouse (99%), human (99%) and Xenopus (97%). In-situ hybridization and immunostaining showed that in the developing limb,
it is specifically expressed in the apical ectodermal ridge, suggesting a role in epithelial-mesenchymal interactions. © 1997 Elsevier

Science B.V.
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1. Introduction

p-catenin is a vertebrate homolog of the Drosophila
segment polarity gene product Armadillo (McCreaet al.,
1991; Butz et al., 1992). It is involved in establishing
the body axis. Injection of antibodies against f-catenin
or of synthetic mRNA encoding f-catenin into the
ventral side induced a duplication of the body axis
(McCrea et al., 1993; Funayama et al., 1995). f-catenin
was first identified as a cytoplasmic ligand required for
cadherin-mediated extracellular adhesion (Nagafuchi
and Takeichi, 1988; Ozawa et al., 1989). Later, ff-catenin
was also found to be involved in Wnt family signal
transduction (Gumbiner, 1995; Peifer, 1996). Further
study showed that f-catenin’s ability to regulate body
axis determination was associated with its signal trans-
duction function. ff-catenin has also been found to form
a complex with the tumor suppressor gene APC
(Rubinfeld et al., 1993; Su et al., 1993; Polakis, 1995),
a gene mutated in most cases of familial adenomatous
polyposis. Both f-catenin and APC are in the Wnt
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signal transduction pathway. APC seems to target f-
catenin for degradation. In its absence, ff-catenin accu-
mulates, leading to colon cancer (Munemitsu et al.,
1995). Additionally, f-catenin can bind to actin fila-
ments at adherens junctions (Haftek et al., 1996), possi-
bly through interactions with a-catenin, which binds to
o-actinin ( Knudsen et al., 1995; Rimm et al., 1995) and
through direct interactions with fascin (Tao et al., 1996).
Most recently, f-catenin was found to bind to the
architectural transcription factor LEF-1 (Behrens et al.,
1996; Molenaar et al.,, 1996). When associated with
LEF-1, p-catenin translocates to the nucleus and might
modulate the DNA-binding properties of LEF-1. f-
catenin function was examined in transgenic knock-out
mice, which produced ectodermal defects and no meso-
derm formation at gastrulation (Haegel et al., 1995).

Although f-catenin has been cloned in several species,
such as human, Xenopus, mouse and several inverte-
brates, it has not been isolated in chicken yet. Our lab
is interested in the molecular basis of pattern formation.
To explore further its possible role during development
in the chicken model, we isolated chicken f-catenin from
a cDNA library. The full-length chicken sequence was
compared to the human, mouse and Xenopus sequence.
Temporal and spatial expression of chicken fS-catenin
mRNA in chicken was examined in several stages of
chicken embryos by both Northern blot and in-situ
hybridization.
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Fig. 1. Primary sequence of chicken f-catenin cDNA. The nucleotide and predicted amino acid sequences are shown. Nucleotide numbers are
indicated to the left of the sequence. The amino terminus, armadillo repeats and carboxy-terminus are indicated above the sequence. The PCR
product is underlined. The polyadenylation signal is bold. The nucleotide sequence reported here has been submitted to Genbank with the accession
number U829621.

2. Results and discussion

2.1. Isolation of chicken [-catenin

Total RNA was isolated from the stage 31 chicken
embryo dorsal skin by using TRIzol Reagent (Life

Technologies, Gaithersburg, MD, USA) and reverse-
transcribed into cDNA using oligo-dT priming and AMV
reverse transcriptase. A pair of degenerate primers were
designed, based on a comparison of mouse and Xenopus
p-catenin amino acid sequences. The forward primer

was 5-CAA/GATGC/TTNAAA/GCAC/TGC-3,

and
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Fig. 2. Amino acid alignment of vertebrate fi-catenin sequences. Predicted amino acid sequences of chicken, human, mouse and Xenopus ff-catenin
obtained from Genbank are compared. Capital letters in the consensus sequence (top row) indicate that the amino acid is conserved. cbcat, chicken
p-catenin; hbcat, human f-catenin; mbcat, mouse f-catenin; xbcat, Xenopus [-catenin.

the reverse primer was 5-A/GAAC/TATC/TAGG/
AACNCCA/GAAC/TAG-3". An 839-bp PCR fragment
was subcloned into a TA cloning vector—PCR II—by
using a TA cloning kit (Invitrogen, San Diego, CA,
USA). Partial sequence data showed that it was a chicken
homolog of f-catenin. This 839-bp fragment was then
labeled with 32P by random priming and used as a probe
to screen a stage 29—34 chicken embryo library prepared

in the lambda Zap II vector kit (Stratagene, La Jolla,
CA, USA). 1.5x 10° plaques were screened. After three
rounds of screening for plaque purification, we found
eight positive plaques that were sequenced by the dideoxy-
nucleotide sequencing method using the Sequenase v2.0
(US Biochemical, Cleveland, OH, USA). Results showed
that one of the clones that was named clone 1-2b was a
full length chicken fi-catenin homolog. Five were incom-
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plete chicken f-catenin cDNAs, and two were false
positives. Several oligonucleotide sequencing primers cor-
responding to determined sequence were then generated
to sequence the full length clone 1-2b. The full length
sequence of clone 1-2b is shown in Fig. 1. It is 3.28 kb
in length, containing an open reading frame of 781 amino
acids with 108 bp of 5" UTR and 831 bp 3" UTR. In the
3" UTR, it contains the AATAAA poly A signal and
some poly A tail.

The p-catenin sequence is highly conserved across
species barriers. The chicken f-catenin sequence shares
99% amino acid sequence identity and 85% nucleotide
sequence identity with the mouse and human sequences,
and 97% amino acid identity with the Xenopus sequence
(Fig. 2). Homology is particularly high in the armadillo
repeat region (amino acids 130-693). Only one amino
acid differs (aa 635) between the chicken, mouse and
human sequences. The armadillo repeat region has been
shown to bind to fascin, APC and E-cadherin (Hulsken
et al.,, 1994; Tao et al., 1996) and is required for f-
catenin function.

2.2. Expression of chicken [-catenin

To determine the size of f-catenin transcripts and to
measure quantitatively the expression level of chicken
p-catenin, we performed a Northern blot analysis using
the f-catenin PCR fragment as a probe on poly A
mRNA extracted from stage 31, stage 34, stage 38 and
stage 41 chicken embryo (Fig. 3). Amounts of mRNA
loaded in each gel lane were normalized by staining with
Methylene Blue (data not shown). The 3.6-kb transcript
was observed in every stage. In Drosophila, Armadillo
transcripts are 3.2-kb (Riggleman et al., 1989) and in
Xenopus, f-catenin transcripts are 3.5 kb (McCrea et al.,
1991). The signal seems to be strongest at stages 34 and
38 and has dramatically decreased by stage 41.

p-catenin function has been studied extensively in
Xenopus embryos where it contributes to dorsal—ventral
axis formation. Its function in other species has not
been studied. To begin to determine its role in the
classical chicken limb model, we determined the distribu-
tion of f-catenin expression in stage 22, 24, 29 and 31
limbs by non-radioactive whole mount in-situ hybridiza-
tion (Sasaki and Hogan, 1993). The TA cloning vector
containing an 800-bp PCR product was linearized with
Xhol and transcribed with SP6 RNA polymerase to
make an antisense RNA probe. f-catenin is present in
all of our tested stages of limb bud (Fig.4). The
transcript is localized in the apical ectodermal ridge
(AER), and extends further along the anterior ridge
than the posterior ridge of the limb bud. f-catenin
expression is reduced and discontinuous along the AER
at stage 31. To determine whether the f-catenin protein
has a similar distribution, we stained fixed embryos with
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Fig. 3. Expression of the chicken f-catenin gene at different stages of
embryogenesis. Poly(A)*mRNA was prepared from chicken embryos
at stage 31, 34, 38 and 41. Sizes were compared to standard
RNA markers (Boehringer-Mannheim, Mannheim, Germany). 4 pug
poly(A)*mRNA was electrophoresed on a 1% agarose gel containing
2 M formaldehyde. The RNA was transferred to a nylon membrane
and hybridized to the PCR product labeled with 3P by random prim-
ing. The symbols above each lane indicates the source of the mRNA.

an anti-f-catenin antibody (Funayama et al., 1995).
The protein was distributed in a similar pattern as the
mRNA (Fig. 4g). The AER is well known for its role
as the signal center for controlling limb outgrowth
through the underlying mesenchyme (Saunders, 1948;
Summerbell, 1974). Recent studies also showed that the
AER is very important for maintaining the activity of
the polarizing region, a region of mesenchyme that is
thought to provide the primary signal for patterning
along the anterio-posterior axis (Laufer et al., 1994;
Niswander et al., 1994). Our results suggest that f-
catenin might be involved in pattern formation along
the proximodistal and anterior—posterior axes during
limb development.

To date, fibroblast growth factor (FGF) family mem-
bers FGF-2 (Savage et al., 1993; Dono and Zeller, 1994;
Savage and Fallon, 1995), FGF-4 (Suzuki et al., 1992;
Niswander and Martin, 1992) and FGF-8 (Heikinheimo
et al., 1994; Ohuchi et al., 1994; Crossley and Martin,
1995; Mahmood et al., 1995; Vogel et al., 1996), BMP-2,
BMP-4 and BMP-7 (Lyons et al., 1990; Francis et al.,
1994; Lyons et al., 1995), Wnt 5a and Wnt 12 have
been found to be expressed in the AER of mouse and
chicken during limb development (Dealy et al., 1993;
Christiansen et al., 1995). Since f-catenin is involved in
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Fig. 4. Spatial and temporal expression of the fi-catenin transcript in chick limb bud development. Note the absence of f-catenin in the proximal
limb bud and trunk ectoderm. Abbreviations: A, anterior; P, posterior; D, dorsal; V, ventral. Size bars=250 pum. (A) Dorsal view of stage 22
chicken limb bud: f-catenin is expressed in the AER and extends further along the anterior AER than the posterior AER. (B) Dorsal view of
stage 24 chicken wing bud: f-catenin is localized in the AER. (C) Dorsal view of stage 29 chicken leg bud: f-catenin transcripts are expressed in
AER extending further along the anterior end than the posterior end. (D) Anterior view of stage 29 chicken wing bud: f-catenin is specifically
expressed in the AER. (E) Ventral view of stage 31 chicken leg bud: -catenin is expressed discontinuously at low levels in the AER, covering only
the digit regions. (F) Control whole-mount immunostaining of stage 28 chicken wing (anterior view) with non-immune serum. Staining is detected
with alkaline phosphatase conjugated secondary antibodies. The AER is indicated by the arrow. (G) Whole-mount immunostaining of stage 28
chicken wing (anterior view) with anti-f-catenin antibodies (Funayama et al., 1995). Staining is detected with alkaline phosphatase conjugated

secondary antibodies. Note the strong staining in the AER.

Wnt family signal transduction, the partial colocaliza-
tion of f-catenin with Wnt family members suggests
that f-catenin might be involved in transmitting the
Wnt 5a and/or Wnt 12 signal in the AER. L-CAM
protein (likely chicken E-cadherin) was shown to be in
the whole limb bud ectoderm, including the AER

(Crossin et al., 1985). The enrichment of fS-catenin in
the AER may contribute to its unique function. f-
catenin is also strongly expressed in other sites of
epithelial-mesenchymal interactions; its expression in
the limb was presented as an example of its expression
pattern.
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3. Conclusion

Here, we report the cloning and characterization of
chicken f-catenin. Our results reveal that f-catenin is
highly conserved across species barriers, especially in
the armadillo repeats, perhaps due to its extensive
interactions with other proteins, including cadherin,
APC, the Wnt pathway, fascin and LEF-1. Since f-
catenin is expressed in the AER of the limb bud during
development, we expect that it is important in forming
the proximal—distal and possibly the anterior—posterior
axes during limb bud morphogenesis.
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