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Abstract. Cadherins and catenins play an important
role in cell—cell adhesion. Two of the catenins, B and v,
are members of a group of proteins that contains a re-
peating amino acid motif originally described for the
Drosophila segment polarity gene armadillo. Another
member of this group is a 120-kD protein termed p120,
originally identified as a substrate of the tyrosine kinase
pp60°¢. In this paper, we show that endothelial and epi-
thelial cells express p120 and p100, a 100-kD, p120-
related protein. Peptide sequencing of p100 establishes
it as highly related to p120. p120 and p100 both appear
associated with the cadherin/catenin complex, but inde-
pendent p120/catenin and p100/catenin complexes can
be isolated. This association is shown by coimmunopre-
cipitation of cadherins and catenins with an anti-p120/

p100 antibody, and of p120/p100 with cadherin or cate-
nin antibodies. Immunocytochemical analysis with a
p120-specific antibody reveals junctional colocalization
of p120 and B-catenin in epithelial cells. Catenins and
p120/p100 also colocalize in endothelial and epithelial
cells in culture and in tissue sections. The cellular con-
tent of p120/p100 and B-catenin is similar in MDCK
cells, but only ~20% of the p120/p100 pool associates
with the cadherin/catenin complex. Our data provide
further evidence for interactions among the different
arm proteins and suggest that p120/p100 may par-
ticipate in regulating the function of cadherins and,
thereby, other processes influenced by cell-cell
adhesion.

latory and developmental processes. The cadherins
comprise a family of transmembrane, cell surface
glycoproteins that mediate Ca?*—dependent celi—cell ad-
hesion in a homotypic manner (Takeichi, 1991). In cells
with well-developed intercellular junctions, the cadherins
are localized to the adherens junction (Boller et al., 1985)
but appear to influence other intercellular junctions such
as gap junctions (Matsuzaki et al., 1990; Musil et al., 1990)
and tight junctions (Gumbiner and Simons, 1986; Gum-
biner et al., 1988). The adherens junction also plays a cru-
cial role in developing and maintaining cell polarity (see
Nelson, 1992), and its dysfunction has been strongly impli-
cated in the invasiveness and carcinogenesis of tumor cells
(see, e.g., Behrens et al., 1989; Frixen et al., 1991; Vlem-
inckx et al., 1991; Shimoyama et al., 1992; Hedrick et al.,
1993; Tsukita et al., 1993; Birchmeier and Behrens, 1994).
The conserved cytoplasmic domain of cadherins is known
to associate with three proteins, termed a-, 8-, and y-cate-
nin (Ozawa et al., 1989), which serve to link cadherins to
the actin-based cortical cytoskeleton (Hirano et al., 1987).
The association of cadherins with catenins is essential for
intercellular Ca?*-dependent adhesiveness (Nagafuchi and
Takeichi, 1988; Ozawa et al., 1990; Kintner, 1992). a-catenin

CELL adhesion is important for a wide variety of regu-
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is homologous to vinculin (Herrenknecht et al., 1991; Na-
gafuchi et al., 1991), making it a good candidate for inter-
action with the actin-based cytoskeleton (see Ozawa et al.,
1990; Hirano et al., 1992). B-Catenin is homologous to the
Drosophila segment polarity gene armadillo, suggesting a
role in developmental signaling in vertebrates (McCrea et
al., 1991). y-Catenin is probably identical to plakoglobin
(Knudsen and Wheelock, 1992; but see Piepenhagen and
Nelson, 1993), which again is homologous to armadillo
(see Franke et al., 1989; Peifer and Wieschaus, 1990). In-
deed, B-catenin and plakoglobin appear to be part of a
multigene family (Peifer et al., 1992).

A repeating 42-amino acid motif originally identified in
armadillo (Riggleman et al., 1989) has also been found in
several other proteins, including B-catenin and plakoglo-
bin, with a variety of functions (Peifer et al., 1994). These
include the APC gene product, a tumor suppressor protein
(Kinzler et al., 1991); p120, a pp60° substrate (Reynolds
et al.,, 1992); smgGDS, an exchange factor for ras-related
G proteins (Kikuchi et al.,, 1992); a suppressor of RNA
polymerase I mutations in yeast (Yano et al., 1992, 1994);
and band-6 protein, a major desmosomal constituent (Hatz-
feld et al., 1994). The function of the repeats in these arm
proteins is unknown. Interestingly, the APC gene product
associates with B-catenin (Rubinfeld et al., 1993; Su et al.,
1993), supporting an important role for catenins in intra-
cellular processes that regulate cell growth. Furthermore,
these studies illustrate that cadherins are not exclusive cel-
lular partners of catenins, raising the possibility of other
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interactions among catenins, cadherins, and arm proteins,
important in a variety of biological processes.

p120 was initially identified as one of several substrates
of the tyrosine kinase pp60°” (Reynolds et al., 1989; Kan-
ner et al., 1990). It is membrane associated and can be
myristoylated, but does not appear to be glycosylated
(Kanner et al., 1991). Mutational analysis suggested that
tyrosine phosphorylation of p120 is necessary for pp60°°—
mediated cellular transformation (Linder and Burr, 1988;
Reynolds et al., 1989). Although tyrosine phosphorylation
of p120 has also been observed in response to epidermal
growth factor, platelet-derived growth factor, and colony-
stimulating factor 1, and in polyoma virus middle T
antigen—transformed cells (Downing and Reynolds, 1991;
Kanner et al., 1991), the exact role of p120 in cellular phys-
iology and pathology remains to be established.

For the present report, we studied p120 in endothelial
and epithelial cells. First, we provide evidence for the ex-
istence of a pl120-related 100-kD protein, which we term
p100. We then examine the possibility of interaction be-
tween p120/p100 and other proteins. Our biochemical data
suggest that p120/p100 associates with the cadherin/cate-
nin complexes of endothelial and epithelial cells. Immuno-
cytochemical analysis supports this conclusion. Because
p120 appears to be an important pp60** substrate involved
in cellular transformation, our data provide a link between
tyrosine kinase substrates, cell adhesion molecules, and
growth control. p120 and p100 may also be important in
modulating of other processes regulated by cell-cell adhe-
siveness. For example, we recently presented evidence
that increased tight-junction permeability was associated
with tyrosine phosphorylation of proteins associated with
intercellular junctions (Staddon et al., 1995). Clearly, the
characterization of kinase substrates at intercellular junc-
tions has implications for a variety of processes influenced
by cell-cell adhesion. While the present study was in
progress, Reynolds et al. (1994) published similar findings.
Our work confirms and extends the observations of Rey-
nolds et al. (1994), linking p120 with the cadherin/catenin
complex.

Materials and Methods
Antibodies

The anti—canine E-cadherin antibody 111, developed by Gumbiner and Si-
mons (1986), was provided by Barry Gumbiner (Memorial Sloan—Ketter-
ing Cancer Center, NY) or obtained from the Developmental Studies Hy-
bridoma Bank (maintained by the Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of Medicine, Balti-
more, MD, and the Department of Biological Sciences, University of
Towa, Iowa City, IA) under contract No. NO1-HD-2-3144 from the Na-
tional Institute of Child Health and Human Development (NICHD). The
anti-human E-cadherin antibody HECD-1 (Shimoyama et al., 1989) came
from Takara Biomedicals (Shiga, Japan). Anti-p120 and anti-focal adhe-
sion kinase (FAK)! antibodies came from Transduction Laboratories
(Lexington, KY). The anti-p120 antibody 2B12 (Kanner et al., 1990) was a
gift from J. T. Parsons (University of Virginia, Charlottesville, VA). The
peptide-directed antibodies against a- and B-catenin (Staddon et al., 1995)
were kindly provided by Kurt Herrenknecht (Eisai Research Laboratories
Ltd., University College London, London, UK). The anti—ollagen I'V an-
tibody came from Biogenesis (Bournemouth, UK). All secondary anti-
bodies used for immunoprecipitation and immunocytochemistry came
from Jackson Laboratories Inc. (West Grove, PA). HRP-conjugated sec-

1. Abbreviation used in this paper: FAK, focal adhesion kinase.
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ondary antibodies used for immunoblotting came from Amersham (Buck-
inghamshire, UK).

Cells

The following cells were cultured at 37°C in a medium containing 100 U/ml
penicillin and 100 pg/ml streptomycin: Caco-2 (epithelial cells derived
from a human colonic tumor: 5% CO,, MEM, 10% FCS, 1% nonessential
amino acids, 1 pg/ml insulin); CMT 93/69 (epithelial cells derived from a
mouse rectal carcinoma: 10% CO,, DME, 10% FCS); ECV304 (a cell line
derived from human umbilical vein endothelial cells: 5% CO,, M199, 10%
FCS); LLC-PK1 (epithelial cells derived from porcine kidney: 5% CO,,
M199, 10% FCS); MDBK (epithelial cells derived from bovine kidney:
5% CO,, MEM, 10% FCS); Strain I MDCK cells (epithelial cells derived
from canine kidney: 5% CO,, MEM, 10% FCS); RBE4 cells (immortal-
ized rat brain endothelial cells [see Durieu-Trautmann et al., 1993]: 5%
CO,, a-MEM: Ham’s F10 [1:1], 10% FCS, 0.3 mg/ml geneticin, 1 ng/ml
bFGF); Swiss 3T3 fibroblasts (10% CO,, DME, 10% FCS). Caco-2, CMT
93/69, ECV304, LLC-PK1 and MDBK cells were obtained from the Euro-
pean Collection of Animal Cell Cultures (Salisbury, UK). MDCK cells
were provided by Barry Gumbiner. RBE4 cells came from Pierre Cour-
aud (Université Paris, Paris, France) and Swiss 3T3 fibroblasts came from
Enrique Rozengurt (Imperial Cancer Research Fund, London, UK). Hu-
man umbilical vein endothelial cells came from Clonetics (Palo Alto, CA)
and were cultured according to the manufacturer’s instructions. Primary
cultures of bovine and porcine brain endothelial cells were grown as de-
scribed by Rubin et al. (1991). For experimental purposes, confluent cul-
tures of Caco-2, MDBK, MDCK, and brain endothelial cells were estab-
lished on tissue culture-treated, polycarbonate Transwell filters
(polycarbonate, 0.4 pm; Costar, Cambridge, MA). Other cells were grown
on tissue culture plastic.

Immunoblotting and Immunoprecipitation

Whole-cell lysates from cultures maintained 1620 h in 0.5% serum were
prepared by rapidly replacing the medium with hot Laemmli sample
buffer (Laemmli, 1970) supplemented with 5 mM EDTA, followed by
heating at 100°C for 5 min. Proteins were resolved by slab-gel electro-
phoresis as described by Laemmli (1970). The gels were equilibrated in
buffer containing 48 mM Tris, 39 mM glycine, 0.03% SDS (wt/vol) and
20% methanol (vol/vol), and then transferred to nitrocellulose filters (Hy-
bond ECL; Amersham). After Ponceau S staining, the filters were
blocked in 5% (wt/vol) nonfat dried milk in PBS at 4°C for 16-18 h. Filters
were then incubated for 1 h with primary antibody in PBS containing
0.05% Tween 20 and 1% BSA, followed by detection with appropriate
HRP-conjugated secondary antibody and chemiluminescence (ECL; Am-
ersham).

Immunoprecipitations were performed at 4°C. Cultures were rinsed
with PBS and then lysed in either TX buffer (1% (vol/vol) Triton X-100,
25 mM Hepes, 2mM EDTA, 0.1 M NaCl, 25 mM NaF, 1 mM vanadate, 25
M phenylarsine oxide, pH 7.6 [adjusted with NaOH], 1 mM PMSF, 10
wg/ml soybean trypsin inhibitor, 0.1 U/ml ay-macroglobulin, 10 pg/ml leu-
peptin) or TDS buffer, which was identical to the TX buffer except that it
was supplemented with 0.5% (wt/vol) sodium deoxycholate and 0.2% (wt/
vol) SDS. The cells were incubated with lysis buffer for 10-15 min and
then scraped. The lysates were collected and centrifuged at 14,000 g for 20
min. The supernatant was precleared with protein A Sepharose (Pharma-
cia, UK) for 1-2 h and then incubated with primary antibody for 1 h fol-
lowed by an additional 1 h with protein A Sepharose alone, in the case of
rabbit antibodies, or together with rabbit anti-mouse antibodies for the
mouse monoclonal antibodies. After five washes in lysis buffer, immune
complexes were dissociated by adding of Laemmli sample buffer, followed
by heating at 100°C for 5 min. Protein analysis was performed using SDS-
PAGE, and immunoblotting was performed as described earlier.

For the analysis of stoichiometry (see Fig. 6), MDCK cells were lysed in
1 ml TX buffer per 10 cm? of filter. Immunoprecipitations were performed
with either 5 pg of the B-catenin antibody or 10 pg of the anti-p120 anti-
body per ml of lysate. After an initial centrifugation to collect the immune
complex, the supernatant, containing protein that was not immunoprecip-
itated, was collected and mixed with 0.33 volumes of 4X concentrated
SDS sample buffer. The immune complex was washed as usual, and pro-
teins were collected in sample buffer that was the same in volume as the
collected supernatant. Equal volumes of the immunoprecipitated proteins
and the supernatant (equivalent to 0.7 cm? filter area) were analyzed by
SDS-PAGE and immunoblotting using anti-B-catenin antibody (0.1 wg/
ml) or the anti-p120 antibody (0.25 png/mt).
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For [**S]methionine labeling, the cultures were washed twice in me-
thionine-free MEM supplemented with 0.5% FCS. The cells were incu-
bated for 16-18 h in this medium containing 50 wCi/m! [**S]methionine
(>1,000 Ci/mmol; Amersham). Protein analysis was performed using
SDS-PAGE, followed by fixation in 25% methanol/10% acetic acid. La-
beled protein was detected either by direct autoradiography at room tem-
perature or by fluorography at —80°C following impregnation of the gel
with Amplify (Amersham). For quantitative detection of proteins by ei-
ther fluorography or enhanced chemiluminescence, films were preflashed
(Laskey and Mills, 1975). Integrated band density was determined by den-
sitometry.

Microsequencing

Confluent cultures (20-X-9-cm dishes) of Caco-2 cells were washed three
times with ice-cold PBS. The cells were lysed in TX buffer (1 ml/dish) at
4°C, conditions which minimize nuclear lysis but extract p120 and p100 in
association with catenins. After the dishes were scraped, the pooled lysate
was centrifuged at 10,000 g for 20 min. Sodium deoxycholate and SDS
were added to the supernatant to final concentrations of 0.5% and 0.2%,
respectively, thereby dissociating p120 and p100 from catenins. This TDS
lysate was precleared with protein A Sepharose (1 ml of a 10% [wt/vol]
suspension) for 1 h. Anti-p120 antibody (50 ug) was then added to immu-
noprecipitate p120 and the immunologically related p100. After 2 h, the
immune complex was collected using 100 g of rabbit anti-mouse IgG and
1 ml of protein A Sepharose. The beads were washed five times with TDS
buffer. Immunoprecipitated protein was eluted into 1 m] of Laemmli sam-
ple buffer, followed by heating at 100°C for 5 min. Protein was then pre-
cipitated using 4 volumes of ethanol followed by 16 h incubation at
—20°C. The protein precipitate was collected by centrifugation at 4,000 g
for 30 min at 4°C and then solubilized in 50 pl of 2X concentrated
Laemmli sample buffer followed by heating at 100°C for 5 min. Protein
was resolved on a 0.75-mm thick 6% polyacrylamide gel, which was fixed
in 25% (vol/vol) methanol/0.5% (v/v) acetic acid for 5 min, followed by
staining with 0.2% (wt/vol) Coomassie brilliant blue for 1 h. The gel was
de-stained in 30% methanol. A slice of polyacrylamide containing stained
protein corresponding to p100 (see Fig. 1) was excised from the gel and di-
gested in situ with lysylendopeptidase C, according to Ferrara et al.
(1993), except that (1) the “dehydration buffer” contained 50 mM Tris-Cl,
pH 8.5,1 mM EDTA, 50% acetonitrile, and the “rehydration buffer” con-
tained 50 mM Tris-Cl, pH 8.5, 1 mM EDTA, 0.02% Tween 20; and (2) di-
gestion with lysylendopeptidase C was allowed to proceed overnight at
37°C, with shaking on an Eppendorf Thermomixer (Eppendorf North
America, Madison, WI), with 50 pmole protease added at time zero and
after 4 h. Peptide fragments were extracted as described with 0.1% TFA
and 60% acetonitrile, and the organic solvent was removed by vacuum
centrifugation. The fragments were subsequently captured on a peptide
trap cartridge (Michrom BioResources, Inc., Auburn, CA) and then puri-
fied on a Reliasil RP-18 column (1 X 150 mm) at 50 nl/min using Michrom
UMA HPLC (Michrom BioResources, Inc.). A 60-min linear gradient
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from 10% “B” to 70% “B” was employed where solvent A contained
0.1% TFA, 2% acetonitrile, and solvent B was composed of 0.1% TFA,
90% acetonitrile. RPLC-purified digestion fragments were subjected to
microsequence analyses on a G1000 protein sequencer (Hewlett-Packard
Co., Palo Alto, CA) using version 2.2 chemistry and software.

Immunocytochemistry

For the majority of experiments, cells were fixed at room temperature for
15 min in 3% paraformaldehyde made up in PBS containing 0.5 mM
CaCl, and 0.5 mM MgSO,. Fixed cells were washed and then permeabi-
lized by incubation with 0.5% Triton X-100 in PBS for 10 min. After wash-
ing, the cells were incubated for 30 min in PBS containing 10% calf serum
and 0.1 M lysine, pH 7.4. Incubation with primary antibody was in PBS
containing 10% calf serum for 1 h. After washing, the cells were incubated
for 30-60 min with a 1:100 dilution of fluorophore-conjugated anti-mouse
or anti-rabbit IgG, as appropriate, in PBS containing 10% calf serum. Af-
ter washing, the filters were mounted with Citifluor (Citifluor Products,
Canterbury, UK) and examined using a Microphot-FXA fluorescence mi-
croscope (Nikon Inc., Melville, NY) fitted with 40X and 60X objectives.
Photographs were taken using Kodak T-MAX film (400 ASA; Eastman
Kodak, Rochester, NY).

Where indicated, unfixed cells were also labeled after permeabilization
with digitonin. Cultures were washed three times at 4°C with PBS lacking
calcium and magnesium. They were then incubated at 4°C for 5 min in K
medium (see Staddon et al., 1990) containing 0.007% (wt/vol) digitonin,
washed three times in K medium, and then labeled with antibodies as de-
scribed earlier. After staining, the cells were fixed in paraformaldehyde
for 15 min, washed, and examined.

For preparing cryosections, brain and skeletal muscle from CO,-
asphyxiated rats were removed and rapidly frozen in liquid nitrogen. Tis-
sue blocks were mounted in Tissue Tek (R. Lamb, London, UK}, and sec-
tions of 5-10 wm thickness were cut on a cryostat (Bright Instrument
Company Ltd., Cambridge, UK), air dried, and stored for up to 4 wk at
—20°C. After thawing, the sections were fixed and permeabilized as de-
scribed earlier. The sections were then washed, blocked with PBS contain-
ing 10% calf serum for 15 min and incubated with primary antibody di-
luted in PBS containing 10% calf serum for 2 h. After washing, they were
incubated with PBS containing 10% calf serum with either 10% goat se-
rum or 10% donkey serum, as appropriate for the host of the secondary
antibody, for 15 min. They were then incubated with secondary antibody
diluted in PBS and serum for 1 h. Sections were washed, mounted, and ex-
amined as described previously.

Results

Antibody Characterization: p120 and p100 Proteins

SDS lysates of a variety of cell types were analyzed by im-

D Figure 1. Characterization of the anti-p120 and

2B12 antibodies. (A and B) Various cell lines
S and primary cultures of bovine brain endothelial
cells (Brain EC) were lysed in SDS sample
2D buffer and separated by SDS-PAGE, followed
by immunoblotting with anti-p120 antibody (A)
or 2B12 antibody (B). The exposure times were 1
min for (A) (apart from that for the MDBK cells,
which was 10 s) and 15 min for (B). The migra-
tions of p120 (O) and p100 (@) are indicated. (C)
p120 protein is recognized by the anti-p120 anti-
body and cross-reacts with the 2B12 antibody,
whereas p100 is recognized only by the anti-p120
antibody. MDBK cells were lysed in TDS buffer.
Immunoprecipitations were performed using the
anti-p120 antibody or 2B12, followed by cross-
blotting. MDBK cells were chosen because p120

and p100 are well separated by SDS-PAGE and react with both antibodies. (D) MDBK cells were labeled with [3>S]methionine, lysed in
TDS buffer, and then immunoprecipitated using anti-p120 or 2B12. Proteins were separated by SDS-PAGE and detected by autora-
diography. Clearly, the broad bands (see A and C) corresponding to p120 and p100 as detected by immunoblotting are resolved as mul-
tiple bands. The same bands seen in the 2B12 immunoprecipitate (O) are seen in the anti-p120 immunoprecipitates. In the anti-p120 im-
munoprecipitates, additional bands (@) corresponding to p100 are also observed.

Staddon et al. p120 and the Cadherin/Catenin Complex
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Figure 2. Detection of p120/p100 in B-catenin im-
munoprecipitates and B-catenin in anti-p120 immu-
noprecipitates from endothelial cells. ECV304 cells
(A) and human umbilical vein endothelial cells (B)
were lysed in either TX or TDS buffer. Lysates were
immunoprecipitated using anti~B-catenin or the
anti-p120 antibody, followed by analysis using

S SDS-PAGE and immunoblotting. The migration of

B-catenin (arrowheads), p100 (@), and p120 (O)
have been indicated. Note the absence of anti-p120
reactive material in the B-catenin immunoprecip-
itates obtained using TDS buffer. Even though
B-catenin and p100, as defined by its reactivity with
anti-p120 antibody, migrate very closely, they are
clearly distinct proteins. (C) Distinct B-catenin—p120
and B-catenin—p100 complexes. ECV304 cells were

e lysed in TX buffer and immunoprecipitated with the

anti-p120 antibody, which recognizes p120 and p100,
or 2B12, which only recognizes p120. Immunopre-
cipitates were analyzed by SDS-PAGE and immu-
noblotted with the anti-p120 antibody or B-catenin

antibody. Clearly, 2B12 immunoprecipitated p120 and coprecipitated B-catenin but not p100. Therefore, p100 does not associate with a
p120/B-catenin complex, implying the existence of a separate p100/B-catenin complex.

munoblotting for expression of p120 using an anti-p120
antibody (Fig. 1 A). This antibody was raised against a
polypeptide containing amino acids 790-911 at the COOH
terminal of p120. The antibody clearly reacted with two
distinct bands of apparent molecular mass 120 and 100 kD
in extracts of Caco-2, ECV 304, RBE4, Swiss 3T3, LLC-
PK1, MDBK, and brain endothelial cells. Hereafter, we
refer to these two bands as p120 and p100. With MDCK
cells, a broad continuous band was detected. The relative
intensity of staining of p120 and p100 depended on the cell
type. For example, p100 was more intense than p120 in
Caco-2 cells, whereas in the Swiss 3T3 cells the reverse was
observed. These blots were also probed with the mono-
clonal anti-p120 antibody 2B12, raised against a phospho-
tyrosine immunoprecipitate prepared from pp60"°—trans-
formed chicken embryo fibroblasts (Kanner et al., 1990).
This antibody recognized only the upper of the two bands
(Fig. 1 B). 2B12 reacted strongly with bovine protein,
moderately with rodent protein, and weakly with human
protein. However, it failed to react under these conditions
with whole-cell extracts of the LLC-PK1 (porcine) and
MDCX (canine) cells, suggesting limited cross-species re-
activity in immunoblot analysis.

The relationship between the known pp60™ substrate
p120 and p100 was further examined by immunoblot anal-
ysis of immunoprecipitates from cells lysed in TDS buffer,
used to minimize protein-protein interaction (Fig. 1 C).
MDBK cells were used as an example because both the
anti-p120 and 2B12 antibodies reacted well with protein
from these cells (Fig. 1, A and B). In the anti-p120 immu-
noprecipitates, p120 and p100 were detected by blotting
with the anti-p120 antibody. 2B12 only reacted with p120
in these immunoprecipitates. In 2B12 immunoprecipitates,
blotting with both 2B12 and the anti-p120 antibody re-
vealed p120 (Fig. 1 C). Thus, 2B12 recognized p120,
whereas the anti-p120 antibody recognized the same p120
protein as did 2B12 and, in addition, a p100 protein.

Autoradiographic analysis of immunoprecipitates of [*°S]
methionine-labeled MDBK cells, as resolved by SDS-PAGE

The Journal of Cell Biology, Volume 130, 1995

(Fig. 1 D), revealed that the p120 protein migrated as a
cluster of at least three bands that were identical in both
the 2B12 immunoprecipitates and the anti-p120 immuno-
precipitates. However, in the anti-p120 immunoprecipi-
tates, a similar cluster of additional bands corresponding
to p100 was detected. Technically, detection by immuno-
blotting (chemiluminescence) is light based, and resolu-
tion is not as good as when using direct autoradiography;
hence, the multiple bands seen in Fig. 1 D appear as a
broad band in Fig. 1 C. The basis of the multiplicity of the
bands corresponding to p120 and p100 in the MDBK cells
is unclear. [*P]Phosphate-labeling of these cells raised the
possibility that these bands may represent differentially
phosphorylated protein, because they all labeled with
phosphate. However, dephosphorylation of the proteins in
the immunoprecipitate with potato acid phosphatase prior
to electrophoresis (see Meisenhelder and Hunter, 1991)
did not affect their migration (results not shown). Also,
the ability to resolve p120 and p100 into multiple bands
depended on the cell type from which they were isolated
(e.g., see data for MDCK cells, later in section).

It is possible that p120 and p100 share an epitope recog-
nized by the p120 antibody but are otherwise unrelated.
To extend the analysis of the relationship between these
proteins, we immunoaffinity purified p100 from human
epithelial cells and determined the amino acid sequence of
peptides derived from this protein. As shown in Table I,

Table . Peptide Sequences of Human Epithelial p100/Lys C
Digestion Fragments

Mouse p120 Mouse p120 sequence Human p100 sequence
434444 NISFG RDQDN K NI(S)FG RDQDN K
744-751 HARPN LV HAIPN LV
799-804 LVLINK XVLIN K

Amino acid sequences (single-letter code) of peptides derived from pl100 purified
from Caco-2 cells were as described in Materials and Methods. Sequence differences
between the mouse p120 (Reynolds et al., 1992) and human p100 sequences are ac-
centuated in bold, underlined type. Tentative sequence assignments are indicated by
parentheses. X, unidentified amino acid.
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the sequences we obtained are highly homologous with re-
gions of the known mouse p120 protein (Reynolds et al.,
1992). These homologous sequences were identified both
within and without the immunological epitope defined by
the antibody used to immunoprecipitate and purify p100.
Additionally, the three sequences we obtained are con-
tained in the third, ninth, and tenth arm repeats of p120, as
defined by Peifer et al. (1994). Some but not all of the
amino acids of p100 correspond to those of the universal
consensus for the arm repeat (see Peifer et al., 1994). To
date we have not determined whether the sequence differ-
ence we observed between the known mouse p120 se-
quence and our human p100 sequence is a species—specific
difference or whether the two proteins, p120 and p100, are
different but highly related. However, p100 is clearly an
arm protein,

Association with the Cadherin/Catenin Complex:
Endothelial Cells

Given that certain members of the arm protein family are
known to interact with other proteins, we next explored
the possibility that p120/p100 might associate with other
proteins. Endothelial cells form junctional complexes simi-
lar in composition to those found in epithelial cells (for re-
view see Rubin, 1992). As shown in Fig. 1, A and B, they
also contain p120 and pl00 proteins well separated by
SDS-PAGE. Using [*S]methionine-labeling, we found
that p120 and p100 were the major proteins in the anti-
p120 immunoprecipitates from TDS-lysed ECV304 cells
and human umbilical vein endothelial cells (results not
shown; they were, however, similar to those obtained with
epithelial cells; see Fig. 1 D). These proteins are clearly
detected by immunoblotting in such immunoprecipitates,
but B-catenin was absent (Fig. 2, A and B). Conversely,
B-catenin was observed in anti-B-catenin immunoprecipi-
tates from TDS lysates, but p120 and pl00 were absent.
However, immunoprecipitation of lysates prepared in the
milder TX buffer revealed that p120/p100 could associate
with other proteins. Thus, in the B-catenin immunoprecip-
itates, B-catenin together with p120 and p100 were de-
tected. In the anti-p120 immunoprecipitates, p120 and
p100 were detected together with B-catenin (Fig. 2, A and
B). Thus, anti-B-catenin antibody coimmunoprecipitates
p120 and p100, and anti-p120 antibody coimmunoprecipi-
tates B-catenin from TX-, but not TDS-, lysed cells.

Although B-catenin and p100 seen in the immunopre-
cipitates have a similar mobility (Fig. 2, A and B), this does
not represent cross-reactivity of the anti-p120 antibody
with B-catenin. Clearly, the anti-p120 antibody does not
react with B-catenin in B-catenin immunoprecipitates from
TDS-lysed cells. Conversely, B-catenin antibody does not
react with pl00 in anti-pl20 immunoprecipitates from
TDS-lysed cells. Therefore, it is unlikely that the B-catenin
antibody coimmunoprecipitates p120 and p100 by cross-
reacting with these proteins and vice versa.

By [*S]methionine-labeling, in both anti-p120 and anti—
B-catenin immunoprecipitates from [**S]methionine-labeled,
TX-lysed ECV304 cells, human umbilical vein endothe-
lial cells and brain endothelial celis, bands corresponding
to a- and B-catenin and higher molecular weight bands
(~130-140 kD) perhaps corresponding to cadherins (see,
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e.g., Liaw et al., 1990; Lampugnani et al., 1992; Salomon et
al., 1992) were detected (results not shown).

These experiments, although clearly indicating an inter-
action between p120/p100 and catenins, could not distin-
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Figure 3. Detection of anti-p120 reactive material in anti-E-cad-
herin immunoprecipitates and E-cadherin and B-catenin in the
anti-p120 immunoprecipitates from epithelial cells. (4) MDCK
celis were lysed in TX buffer. Immunoprecipitations were per-
formed with either antibody to E-cadherin (rrl), the anti-p120
antibody, or anti-FAK. Following separation by SDS-PAGE,
parallel blots were probed using rrl (arrowhead; E-cadherin),
anti—B-catenin (arrowhead; B-catenin), anti-p120 (arrowhead, anti-
p120 reactivity), and anti-FAK (arrowhead; FAK). Clearly, rrl
and the anti-p120 antibody immunoprecipitated E-cadherin and
B-catenin. rrl could also immunoprecipitate anti-p120 immuno-
reactive material, but to a lesser extent than that immunoprecipi-
tated by the anti-p120 antibody. FAK could only be immuno-
precipitated by anti-FAK. (B) and (C) Comparison of anti-p120
and anti-E-cadherin immunoprecipitates from [**S]methionine-
labeled MDCK and Caco-2 cells. MDCK cells (B) were lysed in
either TX buffer or TDS buffer. Immunoprecipitations were per-
formed using anti-p120 or anti-E-cadherin (rrl). Proteins were
separated by SDS-PAGE followed by fluorography. Bands corre-
sponding to E-cadherin (E), o-catenin (a), and B-catenin (B),
which are seen strongly in the rrl immunoprecipitates, have been
indicated. The major anti-p120 reactive band migrates at approx-
imately the position of that of p100 (see Fig. 1 4). 2B12 does not
appear to react well in immunoblots with canine protein (see Fig.
1 B), making positive identification of p120 difficult. Caco-2 cells
(C) were lysed in TX buffer, and immunoprecipitations were
performed using anti-E-cadherin (HECD-1), anti-B-catenin, or
anti-p120 antibodies. Proteins were separated by SDS-PAGE
followed by fluorography. In all cases, four major bands were im-
munoprecipitated, corresponding in order of increasing mobility
to E-cadherin and -, B-, and y-catenin (on the basis of immuno-
blotting; results not shown).
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guish between the possible existence of a catenin/p120/
p100 complex or independent catenin/p120 and catenin/
p100 complexes. We therefore compared immunoprecipi-
tates from TX-lysed ECV304 cells using either the anti-
p120 antibody or the 2B12 antibody. Both antibodies
coimmunoprecipitated B-catenin (Fig. 2 C). However, the
anti-p120 antibody immunoprecipitated p120 and p100, as
expected, but 2B12 immunoprecipitated only p120. The
absence of pl00 in the 2B12 immunoprecipitate implies
that independent p120/catenin and p100/catenin complexes
exist, because 2B12 should have immunoprecipitated p100
if a catenin/p120/p100 complex was present.

Association with the Cadherin/Catenin Complex:
Epithelial Cells

We next explored the possibility of association of p120/
p100 with the cadherin/catenin complex in epithelial cells.
MDCK cells were lysed in TX buffer and immunoprecipi-
tated with the anti-E-cadherin antibody rrl, anti-p120
antibody, or, as a negative control, anti—focal adhesion ki-
nase (anti-FAK). The identity of proteins in the E-cadherin
and anti-p120 immunoprecipitates was examined by im-
munoblotting (Fig. 3 A). As expected, E-cadherin and
B-catenin were both present in the rrl immunoprecipi-
tates. An anti-p120 reactive band displaying a mobility
similar to that of B-catenin was also present in the rrl im-
munoprecipitates. In the anti-p120 immunoprecipitates,
E-cadherin and B-catenin were clearly detected as well as
a relatively greater amount of anti-p120 reactive material
than seen in the rrl immunoprecipitates. As a negative
control, immunoprecipitation with anti-FAK antibody, of
the same species and isotype as the anti~p120 antibody,
immunoprecipitated FAK but not E-cadherin, B-catenin,
or anti-p120 reactivity (Fig. 3 A). Therefore, it appears
that, under the conditions of the experiment, anti-p120
immunoreactive material, apparently mainly p100, is asso-
ciated with the E-cadherin complex. However, in the anti-
p120 immunoprecipitates, more p120/p100 is immunopre-
cipitated than in the rrl immunoprecipitates, indicating
that a pool of p120/p100 exists that is not associated with
the cadherin/catenin complex.

When [*S]methionine labeling was used, the major band
seen in anti-p120 immunoprecipitates from TDS lysates of
MDCK cells corresponded to the broad band detected by
immunoblotting (cf. Figs. 1 A and 3 B). In contrast, the
anti-p120 immunoprecipitates from MDCK cells lysed in
TX buffer, used to preserve macromolecular protein com-
plexes, revealed additional distinct bands at ~130, 105,
and 97 kD (Fig. 3 B). Proteins of similar molecular mass
were seen in E-cadherin immunoprecipitates from simi-
larly lysed cells (Fig. 3 B). In both cases, as confirmed by
immunoblotting, the 130-kD band corresponded to E-cad-
herin, the 97-kD band to B-catenin, and the 105-kD band
to a-catenin, which is dissociated from the complex by ly-
sis in TDS buffer (see McCrea and Gumbiner, 1991).

The pl20 antibody does not cross-react with a- or
B-catenin or E-cadherin in these cells. Thus, lysis in TDS
buffer results in dissociation of the E-cadherin/catenin/
p120/p100 complex into an E-cadherin/B-catenin complex,
free a-catenin (see McCrea and Gumbiner, 1991) and free
p100/p120. Under these conditions, rrl, anti-a-catenin,
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anti—B-catenin, and anti-p120 antibodies only immunopre-
cipitate their primary antigens (except for the coimmuno-
precipitation of pB-catenin with anti-E-cadherin, and vice
versa). Cross-reactivity with y-catenin, a protein of ~85
kD, is unlikely, because the immunoblots in Fig. 1 fail to
show reactivity with protein below 100 kD. We have also
observed the anti-p120 immunoreactive band, as seen in
the rrl immunoprecipitates (Fig. 3 A), in a-catenin (results
not shown), and in B-catenin immunoprecipitates (see
later section).

To explore the generality of the observations made with
MDCK cells, Caco-2 cells were also [*S]}methionine la-
beled and lysed in TX buffer, and immunoprecipitations
were performed using another anti-E-cadherin antibody
HECD-1, anti-B-catenin antibody, or the anti-p120 anti-
body. HECD-1 or anti-B-catenin clearly immunoprecipi-
tated four major bands corresponding in order of increas-
ing mobility to E-cadherin, a-, B-, and y-catenin. Similar
bands were immunoprecipitated, but to a lesser extent,
with the anti-p120 antibody (Fig. 3 C). These results (not
shown) were also obtained in MDBK cells when B-catenin
immunoprecipitates were compared with those obtained
with the anti-p120 antibody. Thus, it appears that the anti-
p120 antibody can immunoprecipitate proteins that comi-
grate with those of the cadherin/catenin complex from a
variety of epithelial cell lines as well as from different
types of endothelial celis.

With respect to the detection of catenins and p120/p100
by [**S]methionine labeling and fluorography in the MDCK
cells, the catenins are easier to detect because their me-
thionine content is approximately twice that of p120 (and
we assume that p100 is similar in methionine content to
p120). Furthermore, the catenins migrate as discrete bands

<9  Figure 4. The [*S]methio-
of nine labeling of catenins domi-
nates that of pl120/p100.
MDCK cells were [*S]me-
thionine labeled for 16 h,
lysed in TX buffer, and im-
munoprecipitated in dupli-
cate with the anti-p120 anti-
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iy body. SDS sample buffer was

Deedion; ©9:. Wb added to one of the immuno-

B precipitates (TX). The other
osl- (TX—-TDS) was mixed with

TDS buffer for 1 h, followed
by washing in TDS buffer
and then extraction into
SDS sample buffer. In this
manner, p120/p100 was re-
tained by the antibody in the
immune complex, whereas
the catenins and E-cadherin
were dissociated. The sam-
ples were analyzed by SDS-PAGE, followed by detection of pro-
teins by fluorography (A, left) or immunoblotting with the anti-
p120 antibody (A, right). The migration of p120/p100 is indicated
by the bracket. Labeled bands corresponding to E-cadherin (E),
a-catenin (a), and B-catenin (B) are indicated. The cadherin/
catenin/p120/p100 region of the gel was scanned by densitometry
(B). The scans (in register) show the TX lane (continuous line)
and TX—-TDS lane (dashed line).
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Figure 5. Metabolic half-lives of B-catenin, E-cadherin, and p120/
p100. MDCK cells were labeled for 16 h with [**S]methionine,
chased with unlabeled methionine, and then lysed at the indi-
cated times in TX buffer. After centrifugation and preclearance
with Protein A Sepharose, SDS and deoxycholate were added to
final concentrations of 0.2% and 0.5%, respectively. B-catenin
was immunoprecipitated using the anti-B-catenin antibody, and
p120/p100 were immunoprecipitated using the anti-p120 anti-
body. E-cadherin was coimmunoprecipitated with B-catenin. Un-
der these detergent conditions, p120/p100 is dissociated from the
cadherin/catenin complex. Following SDS-PAGE and fluorogra-
phy using flashed film, the integrated density of the bands corre-
sponding to B-catenin, E-cadherin, and p120/p100 (as seen, for
example, in Fig. 3) were determined by densitometry. The values
shown are the means * SD of immunoprecipitations from tripli-
cate filters of cells. Where the error bars are not apparent, they
were too small to clearly depict. The half-lives are B-catenin, 13.7 h
(A); E-cadherin, 12.0 h (B); and p120/p100, 20.0 h.

in SDS-polyacrylamide gels. In MDCK cells, p100 is ex-
pressed to a greater extent than p120 and migrates as a dif-
fuse band, further reducing the intensity of exposure of the
fluorogram. The results depicted in Fig. 4 illustrate the
problem of detection. MDCK cells were labeled with
[**S)methionine, lysed in TX buffer, and immunoprecipi-
tated with the anti-p120 antibody. The immunoprecipi-
tates were analyzed by SDS-PAGE, followed by fluorog-
raphy (Fig. 4 A, left) and anti-p120 blotting (Fig. 4 A,
right). Another identical anti-p120 immunoprecipitate
prepared from the same lysate was mixed with TDS buffer
for 1 h and then washed. The proteins remaining in the im-
mune complex were also analyzed. In this manner, p120/
p100 was retained in the immune complex, and catenins
and cadherins were dissociated. The major bands seen in
the fluorogram from the TX immunoprecipitate corre-
spond to E-cadherin, a-catenin, and B-catenin, but it is dif-
ficult to discern any labeling due to p120/p100 (Fig. 4).
However, removing greater than 95% of the catenins from
the anti-p120 immune complex (verified by immunoblot-
ting; results not shown) reveals labeling attributable to
p120/p100. The anti-p120 immunoblots indicate that p120/
p100 in both the anti-p120 immune complex and the cate-
nin-depleted anti-p120 immune complex are very similar.
Densitometry of the fluorogram (Fig. 4 B) demonstrates
quantitatively the relationship between band intensities of
the catenins and p120/p100. Clearly, the labeling due to
B-catenin dominates that of p100.

Staddon et al. p120 and the Cadherin/Catenin Complex

Stoichiometry of the
Cadherin/Catenin/p120/p100 Complex

The data presented so far do not indicate how much p120/
pl00 is in the cadherin/catenin complex in relation to the
cadherins and catenins. We assessed the stoichiometric re-
lationship between B-catenin and p120/p100 in the cad-
herin/catenin complex in MDCK cells. In these cells, p100
was expressed to a much greater extent than p120. Fur-
thermore, because the two proteins were not well resolved
electrophoretically, data with respect to p120/p100 were
combined for this analysis. First, the relative amounts of
B-catenin and pl120/p100 were determined by [33S]me-
thionine labeling, correcting for differences in metabolic
half-lives, efficiencies of immunoprecipitation, and me-
thionine content. Cells were labeled with [33S]methionine
for 16 h, extracted into TX buffer, and immunoprecipi-
tated under TDS buffer conditions with the anti-B-catenin
antibody or the anti-p120 antibody. Following SDS-PAGE
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Figure 6. Analysis of stoichiometry of p120/p100 in the cadherin/
catenin complex. (A, left) MDCK cells were lysed in TX buffer
and immunoprecipitated with either the B-catenin antibody or
the anti-p120 antibody. Protein in the immunoprecipitate (ip)
and that remaining in the supernatant (snt) were analyzed by im-
munoblotting. (A, right) Decreasing known amounts of the pro-
tein in the immunoprecipitate—3-catenin from the @-catenin im-
munoprecipitate (upper) and p120/pl00 from the anti-p120
immunoprecipitate (lower)—allowed the determination of the
amount of protein in the immunoprecipitate relative to that re-
maining in the supernatant. By measuring the integrated density
of the bands shown in (A, leff), the amount of protein in the im-
munoprecipitate relative to that in the supernatant could be de-
termined by referring to B (B-catenin) and C (p120/p100), which
show the relative integrated density of the bands in A (right). In
this way, no assumptions are made with respect to band intensity
and amount of protein. The data shown in this figure are typical
of those obtained with the usual conditions employed in the
present study. By increasing the ratio of antibody to the number
of extracted cells, 100% efficient immunoprecipitation could be
achieved. In this case, the stoichiometric relationship with re-
spect to the amount of p120/p100 in a B-catenin immunoprecipi-
tate, and vice versa, was very similar to that obtained from the
data presented in this figure (results not shown).
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Figure 7. Localization of p120 and B-catenin in epithelial cells. CMT 93/69 cells (2 and b) and MDCK cells (¢ and d) were colabeled with
2B12 (a and c) and anti—B-catenin antibody (b and d). Cells were labeled after digitonin permeabilization. Secondary antibodies were flu-
orescein-conjugated anti-mouse and rhodamine-conjugated anti-rabbit. In this instance, it was verified that each secondary antibody was
absolutely specific for its designated species of primary antibody. Bar, 20 pm.

and fluorography, the bands detected (result not shown)
were similar to those presented in Fig. 3 B. The relative
[*3S)methionine content of the proteins, by densitometry,
gave a ratio of B-catenin:p120/p100 of 1:0.45. The half-lives
(see Fig. 5) of B-catenin (13.7 h) and E-cadherin (12.0 h)
were very similar (see also McCrea and Gumbiner, 1991)
but shorter than that of p120/p100 (20.1 h). Therefore, cor-
recting for the differential kinetics of protein labeling
gives B-catenin:p120/p100 as 1:0.59. Correction for differ-
ences in efficiency of the immunoprecipitations was un-
necessary because it was very similar (~80%; see later) for
the two antibodies. With respect to methionine content,
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B-catenin contains 30 methionines (see murine [Butz et al.,
1992] and Xenopus laevis sequence [McCrea et al., 1991]),
whereas murine p120 contains 17 (Reynolds et al., 1992).
Assuming that the methionine content of the canine pro-
teins are the same, and that the methionine content of
p100 is the same as that of p120, we finally get a corrected
relative amount of B-catenin:p120/p100 as 1:1.04.

To determine the relative amount of p120/p100 in the
cadherin/catenin complex, the cells were lysed in TX
buffer, and the amount of p120/p100 in a B-catenin immu-
noprecipitate was analyzed (Fig. 6, A). Immunoblotting
was used to detect protein because of the close migration
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Figure 8. Localization of anti-p120 reactivity and B-catenin in MDCK cells and brain endothelial cells. MDCK cells (@ and b) and por-
cine brain endothelial cells (c and d) were colabeled with anti-p120 antibody (a and c¢) and anti-B-catenin antibody (b and d). Cells were
labeled after paraformaldehyde fixation. Secondary antibodies were fluorescein-conjugated anti-mouse and rhodamine-conjugated
anti-rabbit. In this instance, it was verified that each secondary antibody was absolutely specific for its designated species of primary an-

tibody. Bar, 20 pm.

of the catenins with p120/p100. For quantitation, linearity
of the signal with respect to the amount of blotted protein
could not be assumed; therefore, calibration curves were
constructed (Fig. 6, A [right], B, and C). Furthermore, the
efficiency of the immunoprecipitations had to be deter-
mined (Fig. 6 A, left). In the B-catenin immunoprecipitate,
which was 80% efficient, 17% of the extracted pool of
p120/p100 was coimmunoprecipitated. Normalizing to 100%
efficiency gives 21% of the pool of p120/p100 in associa-
tion with B-catenin. In the p120/p100 immunoprecipitate,

Staddon et al. p120 and the Cadherin/Catenin Complex

which was 83% efficient, 20% of the extracted pool of
B-catenin was immunoprecipitated. Normalizing to 100%
efficiency gives 24% of the pool of 3-catenin in association
with p120/p100. Thus, relative to B-catenin, p120/p100 is
substoichiometric.

Localization to Cell-Cell Junctions

To investigate the cellular localization of p120, immunocy-
tochemical analysis was performed. Initially, we attempted
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to label paraformaldehyde- or methanol-fixed MDCK
cells with the 2B12 antibody, which should be specific for
p120. However, in comparison with p120 from other spe-
cies, 2B12 does not appear to react well with canine pro-
tein by immunoblotting (see Fig. 1 A). We therefore at-
tempted to stain p120 in cells from these other species.
Using paraformaldehyde-fixed mouse epithelial cells (which
express similar amounts of p100 and p120, as detected by
immunoblotting using the anti-p120 antibody; results not
shown), we found that 2B12 appeared to stain intercellular
junctions, but the staining was not very intense (results not
shown). We then found that digitonin permeabilization of
unfixed cells allowed much greater reactivity of the 2B12
antibody with its antigen, allowing the clear demonstration
of colocalization of p120 (Fig. 7 a) and B-catenin (Fig. 7 b).
When applied to the MDCK cells, digitonin permeabiliza-
tion also revealed the colocalization of p120 (Fig. 7 ¢) and
B-catenin (Fig. 7 d). Presumably, the 2B12 epitope is sig-
nificantly masked by reactivity with formaldehyde or as a
consequence of protein precipitation.

Cultured cells were also labeled with the anti-p120 anti-
body, which reacted well after paraformaldehyde fixation
of cells. This antibody labeled MDCK (Fig. 8 a) and brain
endothelial cells (Fig. 8 ¢) in a pattern similar to that of
anti-B-catenin (Fig. 8, b and d, respectively). With the
mouse epithelial cells, the labeling observed with the anti-
p120 antibody after paraformaldehyde fixation was similar
to that observed with the 2B12 antibody after digitonin
permeabilization (results not shown). Because the anti-
p120 antibody also recognizes p100, this antigen presum-
ably has a cellular distribution similar to that of p120.

Immunocytochemistry was further performed on frozen
sections of rat brain and skeletal muscle (Fig. 9). Anti-
p120 immunoreactivity colocalized with a-catenin at inter-
cellular junctions of choroid plexus epithelium and ven-
tricular ependymal cells (Fig. 9, a and b). In addition, the
anti-p120 antibody stained interendothelial junctions in
both large (Fig. 9, c and d) and small blood vessels of the
brain (Fig. 9, e and f) and blood vessels of muscle tissue
(Fig. 9, g and k). At the given detection level, anti-p120
immunoreactivity was limited to endothelial and epithelial
cells in the two types of tissue investigated.

Discussion

In the present study, immunoblot analysis of a variety of
different cells revealed that the anti-p120 monoclonal anti-
body 2B12 (Kanner et al., 1990) recognized a broad band
of ~120 kD. Another anti-p120 monoclonal antibody that
had been raised against the COOH terminal portion of
p120 recognized the same bands as 2B12 and, in addition,

another cluster of bands at 100 kD. The reason for the
multiplicity of bands at 120 and 100 kD is not clear, but ob-
viously they are immunologically related. The pattern of
appearance of these multiple bands also depended on the
cell type. For example, in MDCK cells, the bands were
very diffuse, whereas in MDBK cells they were clearly re-
solved, especially when visualized by [3*S}jmethionine la-
beling in the absence of fluorographic reagent. Enzymatic
dephosphorylation of protein prior to electrophoresis did
not alter the mobility of the bands, but it is still possible
that other posttranslational modification, such as differen-
tial myristoylation, may give rise to mobility shifts. Apart
from sharing an epitope recognized by the anti-p120 anti-
body, our sequence information indicates that pl00 is
highly related to p120. Essentially, the sequences we de-
termined are found in three of the arm repeats of p120
(see Peifer et al., 1994), clearly establishing p100 as an arm
protein. Furthermore, the Northern blots described by
Reynolds et al. (1992) suggested the possibility of p120-
related gene products or alternatively spliced transcripts,
and Southern analysis apparently indicated that one or
more pl20-related genes exist (Reynolds et al., 1992). It
follows that the cluster of bands corresponding to p120
and the similar cluster corresponding to p100 could also
represent isoforms of p100 and p120, respectively. It is also
possible that p100 could simply represent a degradation
product of p120, although samples were prepared in dena-
turing buffer, and immunoprecipitations were performed
in the presence of inhibitors of a broad spectrum of pro-
teases. Reynolds et al. (1994) have also reported a protein
of 100 kD, which they showed was related to p120 by
Cleveland mapping.

Next we demonstrated that p120/p100 is associated with
the cadherin/catenin complex. Our study confirms and ex-
tends the similar findings of Reynolds et al. (1994). Here,
in a variety of endothelial cells, p120/p100 were shown to
associate with catenins (Fig. 2) and higher molecular
weight proteins (detected by [*S]methionine labeling) that
probably represent cadherins (results not shown). Further-
more, we also demonstrated that independent complexes
of catenins exist with p120 and p100. This apparent associ-
ation between p120/p100 and the cadherin/catenin com-
plex was not restricted to endothelial cells, because results
similar to those of Reynolds et al. (1994) were obtained us-
ing epithelial cells, both by [3*S]methionine labeling and
immunoblot analysis (Fig. 3). We also provided an ade-
quate explanation as to why bands corresponding to p120/
pl100 cannot be seen in pl120/pl00 immunoprecipitates
from [*S]methionine-labeled, Triton-lysed MDCK cells.

The interpretation of the biochemical analyses of the
protein complexes in the epithelial and endothelial cells is

Figure 9. Distribution of anti-p120 immunoreactivity in brain and skeletal muscle tissue of the rat. Brain tissue was colabeled with the
anti-p120 antibody (a and c) and anti-a-catenin (b and d). Anti-p120 immunoreactivity and a-catenin colocalize at intercellular junc-
tions of choroid plexus epithelium (arrows, a and b) and ventricular ependymal cells (arrowheads, a and b). Both antigens also colocalize
at interendothelial junctions of blood vessels of macrovascular origin (arrows, ¢ and d). Microvascular profiles in brain sections were
identified by labeling with anti-collagen IV antibody (f); colabeling with the anti-p120 antibody (e) revealed the presence of antigen at
interendothelial junctions (e, arrows). In these microvessels, a-catenin colocalized with anti-p120 immunoreactivity (not shown). In
muscle tissue that had been cut perpendicular to the orientation of the muscle fibers, anti-p120 immunoreactivity is limited to areas be-
tween muscle fibers where blood vessels are located (g, arrows). Higher magnification reveals a punctate staining pattern (k, arrows),
which is likely to reflect anti-p120 immunoreactivity at interendothelial junctions. bp, brain parenchyma; cp, choroid plexus; m, muscle
tissue; v, ventricular lumen. Bars: (a and g) 100 wm; (c, e, and k) 25 pm.
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further supported by the immunocytochemical results.
The present study, and that of Reynolds et al. (1994), dem-
onstrated junctional colocalization of anti-p120 immu-
noreactivity, reflecting the localization of either p120 or
p100, or both, and B-catenin labeling in MDCK cells (Fig.
8). We also showed a similar, perhaps more striking, colo-
calization in endothelial cells (Fig. 8). Colocalization of
p120 itself with B-catenin was established in our study by
employing digitonin-permeabilized, unfixed cells to suc-
cessfully label p120 with the p120-specific antibody 2B12
(Fig. 7). Finally, in tissue sections, the anti-p120 antibody,
like the anti—a-catenin antibody, also labeled junctions be-
tween epithelial and endothelial cells (Fig. 9).

We also demonstrated that B-catenin and p120/p100 ap-
pear to be expressed to similar extents in MDCK cells,
suggesting that these proteins may be organized stoichio-
metrically in a complex. However, the amount of p120/
pl00 in the cadherin/catenin complex is approximately
one-fifth the amount of B-catenin. We cannot be sure if
this reflects the stoichiometry in the intact cell or if the ly-
sis conditions result in partial dissociation. Staining cells
with the anti-p120 antibody reveals a mainly junctional lo-
calization of p120/p100; however, we probably would not
have detected a diffusely distributed pool of protein. It is
also possible that the degree of association between catenins
and p120/p100 may be subject to regulation by, for exam-
ple, phosphorylation. Modulation of p120/p100 association
could influence the adhesiveness of cadherins or the func-
tion of catenins. Although the half-lives of B-catenin and
E-cadherin were very similar, suggesting that they may be
assembled and degraded as a complex (see McCrea and
Gumbiner, 1991), that of p120/p100 was greater (by about
half as much again), indicating that it may be indepen-
dently synthesized, assembled into, and disassembled from
the cadherin/B-catenin complex.

The interaction between p120/p100 and adherens junc-
tion proteins, perhaps via the influence of such regulatory
kinases as src, lyn, and yes (see Tsukita et al., 1991), may
play a role in the modulation of cadherin function, and
thereby other cellular functions influenced by the adher-
ens junction. With respect to phosphorylation, the tyrosine
phosphatase inhibitor phenylarsine oxide was found to
cause an increase in tight junction permeability in MDCK
cells and brain endothelial cells and caused an increase in
the tyrosine phosphorylation of junctional proteins, in-
cluding B-catenin and ZO-1 (see Staddon et al., 1995).
This inhibitor also increased the tyrosine phosphorylation
of the anti-p120 immunoreactive material (a major p100
band, a minor p120 band) in MDCK cells, as analyzed by
anti-p120 immunoblotting of anti-p120 immunoprecipi-
tates from SDS lysates (results not shown; see Staddon et
al., 1995). Reynolds et al. (1994) also examined the conse-
quences of src-catalyzed tyrosine phosphorylation on the
composition of the cadherin/catenin/p120 complex but did
not detect any changes.

The p120/p100 proteins could be involved in the interac-
tion between cadherins and the actin-based cytoskeleton.
Therefore, they may also be part of a signaling cascade,
communicating information about the state of cell-cell ad-
hesiveness to the interior of the cell. Our data (Fig. 2 C)
also clearly reveal separate complexes of catenins with
p120 and p100. These different complexes may have dif-
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ferential effects on the function of the cadherin/catenin
complex with respect to cellcell adhesiveness or signaling.
Furthermore, the pool of p120/p100 not associated with
the cadherin/catenin complex raises the possibility that
p120/p100 binds to other proteins, affecting processes
other than those initiated by cadherins.

B-catenin is an arm protein (McCrea et al,, 1991) and
can associate with cadherins and the APC gene product
(Rubinfeld et al., 1993; Su et al., 1993), also an arm protein
(see Peifer et al,, 1994). p120 is an arm protein as well
(Reynolds et al., 1992; Peifer et al., 1994), and, as we de-
scribe here, p100 is a highly related arm protein. These
proteins can interact with B-catenin. The exact nature of
the interaction between p120/p100 and the catenins remains
to be established. These proteins may interact directly or
may associate with different regions of the cytoplasmic do-
main of cadherins. Other linking or intermediary binding
proteins could also be involved. Clearly, there appears to
be diverse interactions among arm proteins, suggesting the
importance of the arm motif in intracellular signaling.
Given the important role of the cadherin/catenin complex
in cellular transformation and the identification of p120 as
a pp60° substrate, this suggests that p120/p100 may play a
role in cellular growth control and other processes, such as
tight junction permeability control, via an influence on
cellcell adhesion.

We thank Pierre Couraud for RBE4 cells, Barry Gumbiner for MDCK
cells and antibody to E-cadherin, Kurt Herrenknecht for valuable discus-
sions and provision of antibodies to - and B-catenin, Louise Morgan and
Amanda Nahorska for brain endothelial cells, Dr. J. T. Parsons for the
2B12 antibody, and Enrique Rozengurt for Swiss 3T3 cells. We also ac-
knowledge Anna Hills for excellent technical assistance.

Received for publication 31 October 1994 and in revised form 24 March
1995.

References

Behrens, J., M. M. Mareel, F. M. Van Roy, and W. Birchmeier. 1989. Dissecting
tumor cell invasion: epithelial cells acquire invasive properties after the loss
of uvomorulin-mediated cell—cell adhesion. J. Cell Biol. 108:2435-2447.

Birchmeier, W., and J. Behrens. 1994. Cadherin expression in carcinomas: role
in the formation of cell junctions and the prevention of invasiveness. Bio-
chim. Biophys. Acta. 1198:11-26.

Boller, K., D. Vestweber, and R. Kemler. 1985, Cell-adhesion molecule uvo-
morulin is localized in the intermediate junctions of adult intestinal epithe-
lial cells. J. Cell Biol. 100:327-332.

Butz, 8., J. Stappert, H. Weissig, and R. Kemler. 1992. Plakoglobin and beta—
catenin: distinct but closely related. Science. 257:1142-1144.

Downing, J. R., and A. B. Reynolds. 1991. PDGF, CSF-1, and EGF induce ty-
rosine phosphorylation of p120, a pp6(** transformation-associated sub-
strate. Oncogene. 6:607-613.

Durieu-Trautmann, O., C. Fédérici, C. Créminon, N. Foignant-Chaverot, F.
Roux, M. Claire, A. D. Strosberg, and P. O. Couraud. 1993. Nitric oxide and
endothelin secretion by brain microvessel endothelial cells: regulation by cy-
clic nucleotides. J. Cell. Physiol. 155:104-111.

Ferrara, P., J. Rosenfeld, J. C. Guillemot, and J. Capdevielle. 1993. Internal
peptide sequence of proteins digested in-gel after one- or two-dimensional
gel electrophoresis. In Techniques in Protein Chemistry. R. H. Angeletti, ed-
itor. Academic Press, San Diego, CA. 379-387.

Franke, W. W., M. D. Goldschmidt, R. Zimbelmann, H. M. Mueller, D. L.
Schiller, and P. Cowin. 1989. Molecular cloning and amino acid sequence
of human plakoglobin, the common junctional plaque protein. Proc. Natl.
Acad. Sci. USA. 86:4027-4031.

Frixen, U. H., J. Behrens, M. Sachs, G. Eberle, B. Voss, A. Warda, D. Lochner,
and W. Birchmeier. 1991. E-cadherin-mediated cell-cell adhesion prevents
invasiveness of human carcinoma cell. J. Cell Biol. 113:173-185.

Gumbiner, B., and K. Simons. 1986. A functional assay for proteins involved in
establishing an epithelial occluding barrier: identification of a uvomorulin-
like polypeptide. J. Cell Biol. 102:457—468.

Gumbiner, B., B. Stevenson, and A. Grimaldi. 1988. The role of the cell adhe-
sion molecule uvomorulin in the formation and maintenance of the epithe-
lial junctional complex. J. Cell Biol. 107:1575-1587.

380



Hatzfield, M., G. L. Kristjansson, U. Plessmann, and K. Weber. 1994, Band 6
protein, a major constituent of desmosomes from stratified epithelia, is a
novel member of the armadillo gene family. J. Cell Sci. 107:2259-2270.

Hedrick, L., K. R. Cho, and B. Vogelstein. 1993. Cell adhesion molecules as tu-
mour suppressors. Trends Cell Biol. 3:36-39.

Herrenknecht, K., M. Ozawa, C. Eckerskomn, F. Lottspeich, M. Lente, and R.
Kemler. 1991. The uvomorulin-anchorage protein alpha catenin is a vinculin
homologue. Proc. Nat. Acad. Sci. USA. 88:9156-9160.

Hirano, S., A. Nose, K. Hatta, A, Kawakami, and M. Takeichi. 1987. Calcium-
dependent cell-cell adhesion molecules (cadherins): subclass specificities
and possible involvement of actin bundles. J. Cell Biol. 105:2501-2510.

Hirano, S., N. Kimoto, Y. Shimoyama, S. Hirohashi, and M. Takeichi. 1992.
Identification of neural a-catenin as a key regulator of cadherin function and
multicellular organization. Cell. 70:293-301.

Kanner, S. B., A. B. Reynolds, R. R. Vines, and J. T. Parsons. 1990. Monoclonal
antibodies to individual tyrosine-phosphorylated protein substrates of onco-
gene-encoded tyrosine kinases. Proc. Natl. Acad. Sci. USA. 87:3328-3332.

Kanner S. B., A. B. Reynolds, and J. T. Parsons. 1991. Tyrosine phosphoryla-
tion of a 120-kilodalton pp60** substrate upon epidermal growth factor and
platelet-derived growth factor receptor stimulation and in polyomavirus
middle-T-antigen-transformed cells. Mol. Cell. Biol. 11:713-720.

Kikuchi, A., K. Kaibuchi, Y. Hori, H. Nonaka, T. Sakoda, M. Kawamura, T.
Mizuno, and Y. Takai. 1992. Molecular cloning of the human ¢cDNA for a
stimulatory GDP/GTP exchange protein for c-Ki-ras p21 and smg p21. On-
cogene. 7:289-293.

Kintner, C. 1992. Regulation of embryonic cell adhesion by the cadherin cyto-
plasmic domain. Cell. 69:225-236.

Kinzler, K. W., M. C. Nilbert, L. Su, B. Vogelstein, T. M. Bryant, D. B. Levy, K.
Smith, A. C. Preisinger, P. Hedge, D. McKechnie, R. Finnear, A. Markham,
J. Groeffen, M. S. Boguski, S. F. Altschul, A. Horii, H. Ando, Y. Miyoshi, Y.
Miki, I. Nishisho, and Y. Nakamura. 1991. Identification of FAP locus genes
from chromosome 5q21. Science. 253:661-665.

Knudsen, K. A., and M. J. Wheelock. 1992. Plakoglobin, or an 83-kD homo-
logue distinct from B-catenin, interacts with E-cadherin and N-cadherin. J.
Cell Biol. 118:671-679.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.). 227:680-685.

Lampugnani, M. G., M. Resnati, M. Raiteri, R. Pigott, A. Pisacane, G. Houen,
L. P. Ruco, and E. Dejana. 1992. A novel endothelial-specific membrane
protein is a marker of cell-cell contacts. J. Cell Biol. 118:1511-1522.

Laskey, R. A, and A. D. Mills. 1975. Quantitative film detection of *H and *C
in polyacrylamide gels by fluorography. Eur. J. Biochem. 56:335-341.

Liaw, C. W., C. Cannon, M. D. Power, P. K. Kiboneka, and L. L. Rubin. 1990,
Identification and cloning of two species of cadherins in bovine endothelial
cells. EMBO (Eur. Mol. Biol. Organ.) J. 9:2701-2708.

Linder, M. E., and J. G. Burr. 1988. Nonmyristoylated p60"" fails to phosphor-
ylate proteins of 115-120 kDa in chicken embryo fibroblasts. Proc. Natl.
Acad. Sci. USA. 85:2608-2612.

Matsuzaki, F., R.-M. Mege, S. H. Jaffe, D. R. Friedlander, W. J. Gallin, J. I.
Goldberg, B. A. Cunningham, and G. M. Edelman. 1990. cDNAs of cell ad-
hesion molecules of different specificity induce changes in cell shape and
border formation in cultured S180 cells. J. Cell Biol. 110:1239-1252.

McCrea, P. D., and B. M. Gumbiner. 1991. Purification of a 92-kDa cytoplasmic
protein tightly associated with the cell-cell adhesion molecule E-cadherin
(uvomorulin). Characterization and extractability of the protein complex
from the cell cytostructure. J. Biol. Chem. 266:4514-4520.

McCrea, P. D., C. W. Turck, and B. Gumbiner. 1991. A homolog of the arma-
dillo protein in Drosophila (plakoglobin) associated with E-cadherin. Sci-
ence. 254:1359-1361.

Meisenhelder, J., and T. Hunter. 1991. Phosphorylation of phospholipase C in
vivo and in vitro. In Methods in Enzymology. Vol. 197. E. A. Dennis, editor.
Academic Press, San Diego, CA. 288-305.

Musil, L. S., B. A. Cunningham, G. M. Edelman, and D. Goodenough. 1990.
Differential phosphorylation of the gap junction protein connexin43 in junc-
tional communication-competent and -deficient cell lines. J. Cell Biol, 111:
2077-2088.

Nagafuchi, A., and M. Takeichi. 1988. Cell binding function of E-cadherin is
regulated by the cytoplasmic domain. EMBO (Eur. Mol. Biol. Organ.) J. 7:
3679-3684.

Nagafuchi, A., M. Takeichi, and S. Tsukita. 1991. The 102 kDa cadherin-associ-
ated protein: similarity to vinculin and posttranscriptional regulation of ex-
pression. Cell. 65:849-857.

Nelson, W. J. 1992. Regulation of cell surface polarity from bacteria to mam-
mals. Science. 258:948-955.

Ozawa, M., H. Baribault, and R. Kemler. 1989. The cytoplasmic domain of the
cell adhesion molecule uvomorulin associates with three independent pro-
teins structurally related in different species. EMBO (Eur. Mol. Biol. Or-
gan.) J. 8:1711-1717.

Staddon et al. p/20 and the Cadherin/Catenin Complex

Ozawa, M., M. Ringwald, and R. Kemler. 1990. Uvomorulin-catenin complex
formation is regulated by a specific domain in the cytoplasmic region of the
cell adhesion molecule. Proc. Nat. Acad. Sci. USA. 87:4246-4250.

Peifer, M., and E. Wieschaus. 1990. The segment polarity gene armadillo en-
codes a functionally modular protein that is the Drosophila homolog of hu-
man plakoglobin. Cell. 63:1167-1176.

Peifer, M., P. D. McCrea, K. J. Green, E. Wieschaus, and B. M. Gumbiner.
1992. The vertebrate adhesive junction proteins B-catenin and plakoglobin
and the Drosophila segment polarity gene armadillo form a multigene family
with similar properties. J. Cell Biol. 118:681-691.

Peifer, M., S. Berg, and A. B. Reynolds. 1994. A repeating amino acid motif
shared by proteins with diverse cellular roles. Cell. 76:789-791.

Piepenhagen, P. A., and W. J. Nelson. 1993. Defining E-cadherin-associated
protein complexes in epithelial cells: plakoglobin, beta- and gamma-catenin
are distinct components. J. Cell Sci. 104:751-762.

Reynolds, A. B., D. J. Roesel, S. B. Kanner, and J. T. Parsons. 1989. Transfor-
matjon-specific tyrosine phosphorylation of a novel cellular protein in
chicken cells expressing oncogenic variants of the avian cellular src gene.
Mol. Cell Biol. 9:629-638.

Reynolds, A. B, L. Herbert, J. L. Cleveland, S. T. Berg, and J. R. Gaut. 1992.
p120, a novel substrate of protein tyrosine kinase receptors and of p60"*=, is
related to cadherin-binding factors beta-catenin, plakoglobin and armadillo.
Oncogene. 7:2439-2445.

Reynolds, A. B.,J. Daniel, P. D. McCrea, M. J. Wheelock, J. Wu, and Z. Zhang.
1994, Identification of a new catenin: the tyrosine kinase substrate p120°** as-
sociates with E-cadherin complexes. Mol. Cell. Biol. 14:8333-8342.

Riggleman, B., E. Wieschaus, and P. Schedl. 1989. Molecular analysis of the ar-
madillo locus: uniformly distributed transcripts and a protein with novel in-
ternal repeats are associated with a Drosophila segment polarity gene.
Genes Dev. 3:96-113.

Rubin, L. L., D. E. Hall, S. Porter, K. Barbu, C. Cannon, H. C. Horner, M. Jan-
tapour, C. W. Liaw, K. Manning, J. Morales, L. I. Tanner, K. J. Tomaselli,
and F. Bard. 1991. A cell culture model of the blood-brain barrier. J. Cell
Biol. 115:1725-1735.

Rubin, L. L. 1992. Endothelial cells: adhesion and tight junctions. Curr. Opin.
Cell Biol. 4:830-833.

Rubinfeld, B., B. Souza, I. Albert, O. Muller, S. H. Chamberlain, R. H. Masiarz,
S. Munemitsu, and P. Polakis. 1993. Association of the APC gene product
with B-catenin. Science. 262:1731-1734.

Salomon, D., O. Ayalon, R. Patel-King, R. Hynes, and B. Geiger. 1992. Extra-
junctional distribution of N-cadherin in cultured human endothelial cells. J.
Cell Sci. 102:7-17.

Shimoyama, Y., S. Hirohashi, S. Hirano, M. Noguchi, Y. Shimosato, M. Takei-
chi, and O. Abe. 1989. Cadherin cell-adhesion molecules in human epithelial
tissues and carcinomas. Cancer Res. 49:2128-2133.

Shimoyama, Y., A. Nagafuchi, S. Fujita, M. Gotoh, M. Takeichi, S. Tsukita, and
S. Hiroshashi. 1992. Cadherin dysfunction in a human cancer cell line: possi-
ble involvement of loss of a-catenin expression in reduced cell-cell adhesive-
ness. Cancer Res. 52:1-5.

Staddon, J. M., N. Chanter, A. J. Lax, T. E. Higgins, and E. Rozengurt. 1990.
Pasteurella multocida toxin, a potent mitogen, stimulates protein kinase
C-dependent and -independent protein phosphorylation in Swiss 3T3 cells. J.
Biol. Chem. 265:11841-11848.

Staddon, J. M., K. Herrenknecht, C. Smales, and L. L. Rubin. 1995. Evidence
that tyrosine phosphorylation may increase tight junction permeability. J.
Cell Sci. 108:609-619.

Su, L. K., B. Vogelstein, and K. W. Kinzler. 1993. Association of the APC tu-
mor suppressor protein with catenins. Science. 262:1734-1737.

Takeichi, M. 1991. Cadherin cell adhesion receptors as morphology regulators.
Science. 251:1451-1455.

Tsukita, S., K. Oishi, A. Akiyama, Y. Yamanishi, T. Yamamoto, and S. Tsukita.
1991. Specific proto-oncogenic tyrosine kinases of src family are enriched in
cell-to-cell adherens junctions where the level of tyrosine phosphorylation is
elevated. J. Cell Biol. 113:867-879.

Tsukita, S., M. Itoh, A. Nagafuchi, and S. Yonemura. 1993. Submembranous
junctional plaque proteins include potential tumour suppressor molecules. J.
Cell Biol. 123:1049-1053.

Vleminckx, K., L. Vakaet, Jr., M. Mareel, W. Fries, and F. Van Roy. 1991. Ge-
netic manipulation of E-cadherin expression by epithelial tumor cells reveals
an invasion suppressor role. Cell. 66:107-119.

Yano, R., M. L. Oakes, M. Yamaghishi, J. A. Dodd, and M. Nomura. 1992.
Cloning and characterization of SRP!, a suppressor of temperature-sensitive
RNA polymerase I mutations, in Saccharomyces cerevisiae. Mol. Cell. Biol.
12:5640-5651.

Yano, R., M. L. Oakes, M. M. Taub, and M. Nomura. 1994. Yeast Srp1p has ho-
mology to armadillo/plakoglobin/B-catenin and participates in apparently
multiple nuclear functions including the maintenance of the nucleolar struc-
ture. Proc. Natl. Acad. Sci. USA. 91:6880-6884.

381



