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Summary

A novel phosphorylation-specific antibody ¢pp-catenin)
was generated against a peptide corresponding to amino
acids 33-45 of human B-catenin, which contained
phosphorylated serines at positions 33 and 37. This
antibody is specific to phosphorylate@-catenin and reacts
neither with the non-phosphorylated protein nor with
phosphorylated or non-phosphorylated plakoglobin. It
weakly interacts with S33YB-catenin but not with the S37A
mutant. pp-catenin is hardly detectable in normal cultured
cells and accumulates (up to 55% of totgB-catenin) upon
overexpression of the protein or after blocking its
degradation by the proteasome. Inhibition of both GSK-8
and the proteasome resulted in a rapid (2=10 minutes)
and reversible reduction in [B3-catenin levels, suggesting
that the protein can undergo dephosphorylation in live

form a ternary complex with DNA, suggesting that
it is transcriptionally inactive. Immunofluorescence
microscopy indicated that [B-catenin accumulates in the
nuclei of MDCK and BCAP cells when overexpressed and
is transiently associated with adherens junctions shortly
after their formation. p B-catenin only weakly interacts with
co-transfected N-cadherin, although it forms a complex
with the ubiquitin ligase componentB-TrCP. SW480 colon
cancer cells that express a truncated APC, at position 1338,
contain high levels of fB-catenin, whereas HT29 cells,
expressing APC truncated at position 1555, accumulate
non-phosphorylated (3-catenin, suggesting that the 1338-
1555 amino acid region of APC is involved in the
differential regulation of the dephosphorylation and
degradation of p3-catenin.

cells, at a rate comparable to its phosphorylation by

GSK-3B. ppB-catenin interacts with LEF-1, but fails to  Key words:3-catenin, GSK-B, APC

Introduction inhibition of GSK-3P through mechanisms that may involve

B-catenin plays a central and direct role in cell adhesiorgxin binding to the proteins Dishevelled (Li et al., 1999) or
bridging between cadherins and the actin cytoskeleton, and ¥RP-5 (Mao et al., 2001). This results in the accumulation of
the regulation of gene expression via the Wnt Signann%—catenin in the nucleus, its binding to LEF/TCF transcription
pathway. These distinct activities are regulated through itictors and the expression of target genes including c-myc and
differential interaction with several molecular partners,cyclin D1 (He et al., 1998; Shtutman et al., 1999; Tetsu and
including cell-cell adherens junctions (AJ) molecules,McCormick, 1999).

components of its degradation complex, such as the tumor Wnt signaling is essential for proper embryonal
suppressor adenomatous polyposis coli (APC), andevelopment. IrKenopusembryos, ectopic expression of Wnt
transcription factors of the LEF/TCF family (Behrens et al..can induce secondary axis formation (Sokol, 1999). In the fruit
1996; Huber et al., 1996; Molenaar et al., 1996; Zhurinsky dly, the homologous wingless pathway is involved in the
al., 2000Db). In AJB-catenin functions to directly link cadherins establishment of segment polarity, wing formation and
to the actin cytoskeleton viacatenin (Ben-Ze’ev and Geiger, differentiation of the endoderm (Cadigan and Nusse, 1997). In
1998). Cytoplasmi@-catenin, which is not membrane-bound, mice, the targeting of different wnt isoforms leads to different
forms a complex with APC, axin/conductin and glycogenphenotypes; Lack of Wnt 1 results in the deletion of part of the
synthase kinaseR3 (GSK-3B) (Kikuchi, 2000). GSK-B  midbrain (McMahon and Bradley, 1990), the ablation of Wnt-
phosphorylateg-catenin as well as other components of this4 affects the kidney (Stark et al., 1994), Wnt 7a affects limb
complex. fB-catenin is recognized b@-TrCP, an F-box development (Parr and McMahon, 1995) amat3 knockout
component of the E3 ubiquitin ligase complex that recruits amice are deficient in the formation of the anterior-posterior axis
E2 ubiquitin conjugating enzyme and promotes ubiquitinatiorfLiu et al., 1999).

of B-catenin (Hart et al., 1999; Kitagawa et al., 1999; Sadot et In adult tissues, components of the Wnt signaling pathway,
al., 2000; Winston et al., 1999). The ubiquitinated protein isuch asp-catenin and APC, regulate cell proliferation in
then targeted for degradation by the 26S proteasome systapithelial cells lining the colon (Polakis, 1999; Polakis,
(Aberle et al., 1997). Activation of Wnt signaling involves the2000). Mutations that perturb the function of tBeatenin
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degradation complex, such as truncation of APC or mutatior®lasmids

in the GSK-B phosphorylation sites @d-catenin, are present Plasmids expressing HB-catenin, HA-S33Y B-catenin, VS\B-

in 90% of colon cancers and in other types of tumors (Polakisatenin and GFB-catenin were as described previously (Shtutman et
2000). Although phosphorylation d3-catenin by GSK-B  al., 1999; Simcha et al., 1998; Zhurinsky et al., 2000b) -tatenin
plays a pivotal role in regulating the fate and activityBef S37A was akind gift from S. Byers (Orford et al., 1999). The chicken
catenin, the properties of the phosphorylated intermediate §fcadherin andAF-B-TrCP expressing plasmids were previously
B-catenin have not been directly characterized yet. In this stud{fscribed (Sadot et al., 1998; Sadot et al., 2000).

we used a novel antibody that specifically recognizes S33/S37

phosphorylated B-catenin  to study the kinetics of its Protein analysis

phosphorylation, dephosphorylation and ubiquitination inprotein levels were monitored by western blotting. The following
normal and colon cancer cells, and we determined itantibodies were used: monoclonal anti-phosphoryl@tedtenin and
subcellular distribution. We show that normal cells contairpolyclonal antiB-catenin were from Sigma (Rehovot, Israel);
very low levels of B-catenin (<1-2% of the protein), but the monoclonal antB-catenin (clone 14c19220) was from Transduction
levels of [B-catenin increase upon overexpression of thd-aboratories (Lexington, KY). A monoclonal anti-HA antibody
can be dephosphorylated by an as yet unknown phosphatas Y11 sc-805) was from Santa Cruz'BlotechnoIogy (Santa Cruz, CA).
a rate comparable to its GSK-Bnediated phosphorylation estern blots were developed using the ECL method (Amersham

. I . teni teni lat UK). Autoradiograms were scanned by a GS-700 imaging
in cells overexpressing-catenin. f-catenin accumulates densitometer (Bio Rad Laboratotries, Hercules, CA) using the

mainly in the nucleus but fails to form a ternary complex withegio ook PS 2.07.2 software. The intensity of the bands was
LEF-1 and_ DNA and_ls not associated with AJ, except shortlyuantified using the NIH image 1.61 software.

after junction formation. We further show that colon cancer

cells expressing different APC mutants differ in their )

phosphorylated B-catenin levels, suggesting that APC,!mmunofluorescence microscopy _ _ _
truncated at position 1338 (as in SW480 cells), can still suppofi€lls were cultured on glass coverslips, fixed with 3%
phosphorylation but fails to promote degradation, whereak@raformaidehyde in ~phosphate-buffered = saline ~(PBS) and
truncation of APC at position 1555 (as in HT29 cells) allc)Wéoermeablllzed with 0.5% Triton X-100. The coverslips were incubated

- . . . with the primary antibodies as described above. The secondary
limited phosphorylation and degradationfstatenin. antibodies were Alexa-488-conjugated goat anti-mouse or anti-rabbit

IgG (Molecular Probes, Eugene, OR) and Cy3-conjugated goat anti-
. mouse or anti-rabbit 1IgG (Jackson ImmunoResearch Laboratories
Materlal_s and M_ethods ] ) West Grove PA). Images were acquired using the DeltaVision system
Preparation of anti-phosphorylated-B-catenin antibody (Applied Precision, Issaqua, WA) equipped with a Zeiss Axiovert 100
A mouse monoclonal antibody was raised against a peptide containimgicroscope (Oberkochen Germany) and Photometrics 300 series
16 amino acids that corresponded to fheatenin phosphorylation scientific-grade cooled CCD camera (Tucson, AZ), reading 12 bit
site by GSK-B, which included phosphorylated serines at positionamages, and using &1001.3 NA plan-Neofluar objective. For

33 and 37. Specifically, the peptide consisted of amino acids 33-45 gfiantitative image processing, the Priism software was employed
human B-catenin, flanked by N-terminal alanine and C-terminal(Kam et al., 1993). Ratio imaging analysis was done as described
glycine and cysteine. For immunization, the peptide was conjugatgateviously (Zamir et al., 1999).

to keyhole limpet hemocyanin (KLH) using glutaraldehyde (Yao et

al., 2000). BALB/c mice were immunized and their spleen cells fused - ) ]

with NS-1 mouse myeloma cells. Hybridoma supernatants werBluclear extracts and DNA mobility gel shift analysis

screened for specific antibodies by enzyme-linked immunosorber93T cells grown in 90 mm diameter dishes were transfected with 2
assay (ELISA) in a 96-well plate coated with bovine serum albumiug of LEF-1 and 8ug of B-catenin expression plasmids or with the
(BSA) conjugated to the double phosphorylated peptidag(gnl). control pClneo vector. 36 hours after transfection, nuclear extracts
After incubation with the antibody (1 hour), the wells were washedyere prepared as previously described (Shtutman et al., 1999). Briefly,
incubated with peroxidase-conjugated secondary antibody (1 houcglls were incubated for 15 minutes in low-salt buffer, then NP-40 was
and processed according to the manufacturer’s instructions (Piercadded, nuclei were pelleted by centrifugation, and nuclear proteins
Rockford IL). For competitive ELISA, the antibody binding to the were extracted with high-salt buffer at 4°C. Protein concentrations
peptide-BSA conjugate was competed with 12.5, 25, 50 opdo0l were determined using the bicinchoninic acid protein assay reagent
(3 hour) of non-conjugated, doubly phosphorylated, non<{Pierce)and bovine serum albumin was used as a standard. For DNA
phosphorylated or single phosphorylated peptides on serines 33 or 3inding assays, Ag of nuclear extracts were usedud. of antibody

In this study, we used the ascites fluid of a clone (BC21) that is nowas added to the binding reactions for analyzing the DNA mobility
commercially available (# C4231 Sigma Israel). supershift.

Cells and transfections Results
Bovine endothelial cells (BCAP), MDCK, 293T, Ratl and Ratl rasSpecificity of anti-phosphorylated-B-catenin antibody

and the human colon carcinoma cell lines SW480, HCT116 and HT2/g novel antibody ¢pB-catenin) was raised against a peptide
were cultured in Dulbecco’'s modified Eagle’s medium (DMEM) féorresponding to amino acids 33-45pbéatenin: this peptide

supplemented with 10% fetal calf serum (FCS). For transfection, cel - . .
were plated to form a 50%-70% confluent culture in 30 mm dishe ontained two phosphorylated serines, S33 and S37 (Fig. 1A,

MDCK cells were transfected using lipofectamine (GIBCO BRL,/0wer panel). The specificity of thepf-catenin antibody was
Rockville USA), and 293T cells were transfected by the calciunverified by an ELISA assay with plates coated with the double
phosphate method. Treatments with 30 mM LiCl op® MG132  phosphorylated peptide to determine the binding ofatb@-

were for the time periods indicated. catenin antibody in the presence of increasing amounts (0, 12.5,



25, 50 or 100 pg/ml) of either a nor
phosphorylated, a doubly phosphorylated (
and S37) or singly phosphorylated (S33 or
peptides. As shown in Fig. 1B, the n
phosphorylated peptide did not inhibit binding
oppB-catenin to the coated plate, whereas
doubly phosphorylated peptide competed
strongly (>50% inhibition with 12.5ig/ml of the
competitor). The singly phosphorylated peptic
S33 did not bind to the antibody, whereas
singly phosphorylated peptide on S37 inhib
weakly (50% inhibition with 100ug/ml of
this competitor). Furthermore, a dou
phosphorylated peptide derived from plakoglc
(Fig. 1A), a close homologue @¥catenin, wa
not inhibitory (Fig. 1B, PG). These rest
indicate that therpp-catenin antibody specifica
and preferentially recognizes the dot
phosphorylated peptide, and there is a gn
contribution of the phosphorylated S37 to
epitope.

To determine the specific interaction of
antibody with full-lengthp-catenin, 293T cel
were transfected with wild-tyg&catenin or wit
the two correspondinfj-catenin mutants, S3:
(Simcha et al., 1998) and S37A (Orford et
1999), which were tagged with HA. Althou
the expression of the wild-type and mutd
catenins were comparable (Fig. 2A, bot
panel), wild-typeB-catenin was recognized
the app-catenin antibody, whereas the S:
mutant reacted only weakly, and the S37A mt
was not recognized at all (Fig. 2A, up
panel). To test what fraction of-catenin it
phosphorylated, 293T cells were transfected
B-catenin together with HA-taggeflF-3-TrCP
that can bind to phosphorylat@dcatenin (Har
et al.,, 1999; Sadot et al., 2000) but is unab
promote its ubiquitination and degradatioifs-
catenin was then immunoprecipitated from
transfected cells as a complex witk-3-TrCP
using anti-HA antibodies and immunoblot
with either theapp-catenin antibody or with
general antibody againftcatenin. Comparisc
of the labeling intensities with the two antiboc
was used for calibration (Fig. 2B). Th
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Fig. 1.Preparation and characterization of the specific anti-phosphorfated-

catenin antibody. (A) A schematic representation ofHeatenin molecule and the
doubly phosphorylated peptide corresponding to its N-terminus that was used to
prepare the antibody. Note the homology betw&eatenin and plakoglobin at this
region. (B) An ELISA assay for determining the specificity of the antibody. Binding
of the antibody to the doubly phosphorylated peptide was detected by a peroxidase-
based reaction in the absence of a competitor (first lane on the left) or in the
presence of increasing amounts (12.5 25, 50 angid00l) of the indicated peptide
competitors.

experiments indicated that [rcatenin-overexpressing 293T phosphorylated molecule (Fig. 2A, lane 1). In non-transfected
cells, 35-55% of the transfectdggicatenin molecules were cells, -catenin is a short lived molecule (Fig. 2C, lane 1,

phosphorylated (Fig. 2B).

The endogenoys-catenin of 293T cells was not recognized
but treatment with the transfected plakoglobin in 293T cells (Fig. 2D, compare lane

by the app-catenin antibody,

compare with Fig. 2A, lane 1 upper panel and see below).
Interestingly, theapp-catenin antibody did not recognize

proteasomal inhibitor MG132 resulted in a dramatic increas8 with 5) despite the high sequence homology Bitatenin
in pB-catenin levels (Fig. 2C, lane 3 upper panel) and in onlyn the GSK-$ phosphorylation domain (Fig. 1A). To rule out

a two-fold increase in the levels of tofacatenin (Fig. 2C,

the possibility thatipp-catenin antibody does not recognize

lane 3 lower panel). Treatment with LiCl (which inhibits GSK- transfected plakoglobin because it is not phosphorylated,

3B activity) induced an accumulation of totfi-catenin

we co-immunoprecipitated the phosphorylated form of

(comparable to that found in MG132-treated cells), yet thelakoglobin withAF-3-TrCP. As shown in Fig. 2D (lanes 7 and
accumulated protein was not phosphorylated (Fig. 2C, lane &), AF-B-TrCP-bound plakoglobin (which is most probably
upper panel). Taken together these results suggest thaithe phosphorylated on the corresponding serine residues) is not
catenin antibody is specific to the S33/S37 phosphorylateecognized by thapp-catenin antibody. It is worth noting that
B-catenin and that transfectdsticatenin accumulates as a there is an increase in endogenofiscptenin in the presence



2774 Journal of Cell Science 115 (13)

A B . C
HA B-catenin  + -
wt  S33Y S37A VSV B-catenin - + con LiCl MGI132
HA AFBTrCP -  +
- o. pp-cat IP: cHA O pp-cat

IB: o pp-cat e ssen

pR— o HA -cat
— B:opcat () v —-— e

1 2 3 1 2 3

VSV-B-catenin - - - + - + - .
VSV-plakoglobin - - + = + = 3 &£
HA-AF-BTrCP - . . = = e + £
p-cat -  — - . .
PG E—— P
.. 2 I | 5 s 718 |
IB: o pp-cat IB: o VSV IB: app-cat IB: aVSV

Fig. 2. The anti f3-catenin antibody recognizes wild-tyBecatenin but not mutaf¥-catenin or plakoglobin. (A) HA-tagged wild-tyie

catenin or mutant S33Y and S3PAcatenin were transfected into 293T cells and analyzed by western blotting with either antixpfA or
catenin antibodies. (B) 293T cells were transfected with@#atenin or with VS\B-catenin and HAAF-3-TrCP. Immunopecipitation was
performed with an anti-HA antibody and western blotting wip3-catenin or general3-catenin antibodies. (C) 293T cells were treated with
30 mM LiCl overnight or with 2M MG132 for 4 hours and analyzed by western blotting fcatenin and totgd-catenin content.

(D) VSV-tagged plakoglobin dB-catenin were transfected into 293T cells, and their reactivityogflacatenin antibody was determined
when transfected alone or together with HA-tagdEe3-TrCP. IP, immunoprecipitation; 1B, immunoblot.

of excess plakoglobin (Fig. 2D, compare lane 3 with lane 1)Jn pB-catenin results from its dephosphorylation rather than its
This is in agreement with previous reports showing thatlegradation. Removal of LiCl was followed by a rapid increase
overexpression of plakoglobin attenuates the degradation of pB-catenin levels (Fig. 3A, lanes 9-12, upper panel). To
B-catenin (Miller and Moon, 1997; Simcha et al., 1998;determine the phosphorylation-dephosphorylation kinetics in
Zhurinsky et al., 2000a), but, as shown here, not it:on-transfected cells, 293T cells were treated with MG132 for
phosphorylation. different time periods to induce accumulation @qatenin
(Fig. 3B, lanes 1-5). The levels offqgatenin increased

) ) linearly up to four-fold after 5 hours of MG132 treatment (Fig.
The dynamics and fate of phosphorylated B-catenin 3B,C). Western blotting for totdd-catenin (Fig. 3B lanel 1-5
In the presence of Wnt signalirfgrcatenin phosphorylation is lower panel) showed an increase in the poly-ubiquitinated
inhibited, thus leading to a reduction in its poly-ubiquitinationprotein. To determine whether dephosphorylation @f p
and proteasomal degradation (Polakis, 2000). By an alternativatenin takes place, 293T cells were first treated with MG132
process, B-catenin could be dephosphorylated by afor 2 hours, and then LiCl was added for different periods
phosphatase. To test whether dephosphorylatiditaaftenin ~ ranging from 10 minutes to 2 hours. The addition of LiCl
takes place in live cells, GHReatenin was transfected into resulted in a rapid decline ir3fcatenin level (a decrease of
293T cells, and 24 hours later, proteasomal degradation wa$0% within 10 minutes, Fig. 3C) and after 30-60 minutes
blocked by MG132 for 1, 2 and 4 hours in the presence awith LiCl essentially no B-catenin was detected (Fig. 3B,
absence of LiCl to block GSKB3activity. After 2 hours with  lanes 6-9). It is noteworthy that only a limited decrease in total
MG132 and LiCl, the medium was replaced with freshp-catenin was detected following this treatment (Fig. 3B,
medium containing only MG132. After incubation for lower panel). To compare the rate oB-catenin
different periods of time (from 10 to 120 minutes), the leveldephosphorylation (in the presence of LiCl) to its rate of
of pB-catenin was determined. As shown in Fig. 3A after 1(hosphorylation, cells treated with MG132 and LiCl (Fig. 3B
minutes of treatment with LiCl, a dramatic drop (>50%) in thelane 9) were washed and further incubated, in the absence of
content of fB-catenin was observed (Fig. 3A, lane 5 uppetLiCl, for 10-60 minutes. As shown in Fig. 3B (lanes 10-12),
panel). Since proteasomal activity was blocked by MG132emoval of LiCl resulted in the fast recovery @3-gatenin
during this time and no reduction in totBlcatenin was levels at a rate similar to the decline observed after addition of
observed (Fig. 3A, lower panel), we propose that the reductidnCl (note that MG132 was present throughout this treatment
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to avoid proteasomal degradation of A

protein). MGI32(Hrs) 0 1 2 4 0001 2 210293 4
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The molecular partners of WashLiCI(Min) 0 0 0 0 0 0 0 0 10 30 60 120
phosphorylated B-catenin
Next, we asked whetherBgatenin ca ) ~.’ g -' <GFP--catenin
interact with [B-catenin’s transcription a-pf-catenin ' - <p-catenin

(LEF-1) and junctional (cadherin) partne
HA-LEF-1 and VSVB-catenin  wer :
co-transfected into 293T cel e L L ) # 9 89 89 ~GFP-B-catenin

immunoprecipitated witliHA antibody an o-f-catenin R S BS e as s o B & 88 88 -p-catenin
immunobloted withapB-catenin. As show

in Fig. 4A (upper panel), fpcatenin coul 12 345 6 78 9101 12
form a complex with LEF-1. We ne B
examined whether [fcatenin can form

ternary complex with LEF-1 and DNA. Fi MGI32(Hrs) 0 2 3 4 5 202303 4 41043 5
v verfed that afcaterin MW000wicioum 0 0 0 0 0 M0 0@ 0 0 0
y precip Wash LiCI(Min) 0 0 0 0 0 0 0 0 0 10 30 60

from cell extracts in the buffer used for D!
mobility gel shift assays (Fig. 4B). Ther » -
gel shift analysis was performed witl a-pp-catenin =3 §F §° v e
radiolabelled probe corresponding to

consensus DNA sequence of the LEF/T . . :

binding site incubated with nuclear extr: ef-catenin . . - - - - -
from 293T cells transfected with LEF-1 ¢ 1 2 3 4 56 78 9 101112
B-catenin. As shown in Fig. 4C, althot (C
a general antibody against3-catenir
supershifted the ternary complex
DNA-LEF-1-3-catenin (Fig. 4C, lane 5), t
appB-catenin antibody was unable to do
(lane 6). This suggests thaf3-patenin i
inefficient in forming a ternary complex w
LEF-1 and DNA.

Interestingly, f-catenin (unlike its noi
phosphorylated counterpart) was
inefficient in associating with transfected
cadherin (Fig. 5 lane 5) compared with
association witt/AF-B-TrCP (Fig. 5 lane 6
whereas the levels of both total an@®-
catenin were elevated in N-cadhe 0
transfected cells (Fig. 5 lane 2). This sugc¢
that 3-catenin is normally not associa

with N-cadherin. Fig. 3. B-catenin phosphorylated on serines 33 and 37 can undergo dephosphorylation.
(A) GFP$-catenin was transfected into 293T cells, and after 24 hours the cells were

o treated with either MG132 (lanes 1-4), MG132 plus LiCl (lanes 5-8) or treated with

The subcellular distribution of MG132 and LiCl and then washed and incubated with MG132 only (lanes 9-12).

phosphorylated [3-catenin (B) 293T cells were treated with MG132 (lanes 2-5), left untreated (lane 1) or incubated

Immunofluorescence labeling withpp- with MG132 and LiCl (lanes 6-9) or treated with MG132 and LiCl and then washed

catenin from different cultured cel fromthe LiCl and left with only MG132 (lanes 10-12). Cell extracts in (A) and (B) were

; ; ; ; analyzed by western blotting wittpp-catenin antibody and reprobed with general anti-

gélxg?g(ewg o(t:flf (jia(splg]selizg] IZ(S.‘,AFI:;{:L& B-caten_in antibody. (C) Quantitative analysis of_t_he level of phosphory}atta_tbnin is

Ratl fibroblast ! I I shown in B. The numbers correspond to intensities of the signabtipftatenin

nge\r/;(i? ( Ithreo iﬁii?))iiic\)/\rllasogr%?‘gter;i%?‘ antibody normalized to the signal obtained with the generaPacdienin antibody.

degradation with MG132 in BCAP cells (F _

6A), or after overexpressmn Btcatenin in MDCK cells (Fig. nucleus (blue in the ratio image), whereas tBecgtenin is

7a), resulted in the accumulation @@patenin in the nuclei of exclusively nuclear (Fig. 7a, yellow in the ratio image) and was
these cells. Examination of the transfected MDCK cells usingbsent from cell-cell junctions. To verify that the absence of
three dimensional ratio imaging (Fig. 7a) indicated that thgunctional labeling for p-catenin indeed resulted from the
transfected-catenin (visualized using regularB-catenin  absence of the phosphorylated molecule we subjected the
antibody) is associated with both adherens junctions and tleells to different permeabilization procedures, none of which

121

MG132
Add LiCl

!

101

‘Wash LiCl

phosphorylated (-catenin (AU)
=]

Time (hours)
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Fig. 4. pB-catenin can form a complex with LEF-1 but does not form a ternary complex with LEF-1 bound to DNA. (8)048rin was co-

transfected with HA- LEF-1 into 293T cells and immunoprecipitated with anti HA antibody as a complex with LEF-1. Cellvestesatglyzed
by western blotting with thepp-catenin antibody. The asterisk marks the Ig heavy chain of the antibody. (B}-¢&enin was transfected into
293T cells and immunoprecipitated witB-catenin or witrapB-catenin antibodies as indicated. (Egatenin—LEF-1-DNA complex formation
was analyzed with @g of nuclear extracts from 293T cells transfected with LEF-1 and f/8atenin that were incubated withP-labeled DNA

containing the LEF-1-binding site, in the absence or presence of the indicated antibodies. Protein-DNA complexes werbyseptivatdélo
PAGE and visualized by autoradiography. The asterisk marks a non-specific band. IP, immunoprecipitation; 1B, immunoblot.

B-catenin  + + + + + +
N-cadherin + . + .
HA-AF-3-TrCP - + . +

total lysates IP: anti N-cad anti HA

| Il |

IB: phos B-catenin ,. - -

Bcatenin - g (M Gy - END S=n

- e
4 5 6

Fig. 5.pB-catenin is hardly ever found in complex with N-cadherin.
293T cells were transfected wiBhcatenin together with either N-
cadherin or witlAF-B-TrCP, which served as a control for
complexing with B-catenin. Cell extracts were immunoprecipitated
as indicated and analyzed by western blotting with botlx ifte
catenin and a general afitieatenin antibodies. The asterisks mark
the 1g heavy chain of the antibody.

1 2 3

revealed junctional labeling (data not shown), indicating that
the lack of antibody accessibility is unlikely. Interestingly, we
found that f-catenin is transiently localized in newly formed
adherens junctions of BCAP cells (Fig. 7b). Thus, adherens
junctions of BCAP cells, formed within 10 hours of plating
(Fig. 7bA) or after 3 hours recovery from treatment with EGTA
(Fig. 7bF) were labeled withipp-catenin, unlike those stained
after 20-30 hours of incubation (Fig. 7bB,C). This fluorescence
labeling could be readily inhibited by the synthetic, doubly
phosphorylated3-catenin peptide (insert, Fig. 7bA). These
results suggest thafgcatenin can be incorporated into newly
formed, but not mature, junctions and that the junction-bound
phosphorylated protein is either turning over after a longer time
or undergoing dephosphorylation.

Phosphorylation of 3-catenin in colon cancer cells

The majority of colon tumors contain APC mutations, which
are characterized by large deletions in the C-terminus of the
protein (Polakis, 2000). This region is involvedfircatenin

and axin binding, and its deletion leads to the accumulation of
B-catenin. Using the novelapp-catenin antibody we
determined the levels offpcatenin before and after blocking
proteasomal degradation in several colon cancer cell lines.
HT29 (APC truncation at position 1555), SW480 (APC
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Fig. 6.Blocking proteasomal degradation 1 2
leads to nuclear accumulationf®tatenin.

(A) BCAP cells were treated with MG132

for 4 hours and then fixed and stained as

indicated. Bar, 1Qum. (B) Cell extracts

from the MG132-treated and control BCAP

cells were analyzed by western blotting. vin,

vinculin; pB-cat, phosphorylate@-catenin.

+MG132

truncation at position 1338) and HCT116 (wild-type APC andhe phosphorylated molecule. Our study indicates that this
ASer45B-catenin) were compared with 293T cells containingantibody interacts primarily with the doubly phosphoryldied
wild-type APC andpB-catenin. The levels of-catenin were catenin, either the endogenous or when transfected, tagged
found to be higher in the three colon cancer cell lines comparddith HA, VSV or GFP) or untagged.p-catenin
with 293T cells, as expected (Fig. 8, lane 1, compare lane hosphorylated at position S37 showed low reactivity with
with 5 and 7). Interestingly, blocking proteasomal degradationpB-catenin, wheregs-catenin phosphorylated on S33 and the
resulted in a five-fold increase in the content @fcatenin in closely homologous protein plakoglobin were negative. It was
HT29 and HCT116 (Fig. 8, compare lanes 3 to 4 and 7 to 8)hus concluded thatip-catenin is highly specific for (3
whereas a more than 50-fold increase was observed in 298&tenin on both S33 and S37.
cells (Fig. 8, lanes 1 and 2). This suggests that the mutant APCExamination of different epithelial, endothelial and
in HT29 is at least partially capable of supporting degradatiomesenchymal cell lines indicated that all, except for the colon
of B-catenin. In HCT116 cells the3gcatenin may be derived cancer cell line SW480 (see below), contained undetectable
from the wild-type molecule generated from the intact alleldevels of phosphorylated3-catenin. Transfection with3-
(Morin et al., 1997). In addition, a high content @fgatenin  catenin cDNA or inhibition of proteasomal degradation
(20% of the totaB-catenin) was observed in SW480 cells. Thisresulted in a fast and extensive increasefftatenin levels.
is in agreement with a previous observation ffarCP can Interestingly, according to its electrophoretic mobility, the
bind toB-catenin from SW480 cells in the absence or presengghosphorylated protein is largely non-polyubiquitinated,
of a proteasomal inhibitor (Hart et al., 1999). This suggests thatiggesting that either phosphorylation by G3K-3
the relatively high amounts dB-catenin accumulating in considerably more efficient than the subsequent stef- in
SW480 cells might saturate th@-catenin degradation catenin turnover, namely ubiquitination, or that excpss
machinery or that the region between amino acid 1338atenin specifically attenuates the ubiquitination process.
(SW480) and 1555 (HT29) in the APC molecule may play an As pointed out above, among the cells tested fecatenin,
important role in the degradation or dephosphorylationBef p the colon cancer SW480 cell line was exceptional as it
catenin. accumulated [p-catenin. This result shed new light on the
differential regulation by APC of the phosphorylation (Bf

) . catenin and its consequent degradation or dephosphorylation.
Discussion It is well established that the tumor suppressor protein APC
In this work we used a novel antibody that specificallyand the associated protein axin/conductin provide the scaffold
recognizeg3-catenin phosphorylated on serines 33 and 37 téor the phosphorylation d8-catenin (Polakis, 2000) and that
follow this important intermediate i-catenin degradation in [B-TrCP is present in a complex with axin and APC (Kitagawa
cultured cells. When Wnt signaling is inactifecatenin is et al., 1999). It is not clear, however, whether APC is playing
phosphorylated and subsequently ubiquitinated and degradedole in the actual ubiquitination and degradatiof-oétenin.
by the 26S proteasomal system. We addressed here thkitations in APC, which occur in over 80% of human colon
following questions: (i) what is the level of endogenofis p cancers, are believed to lead to the accumulati@azftenin
catenin in normal and in colon cancer cells; (ii) what areand presumably to the activation of specific genes that confer
the relative rates of phosphorylation and possiblanalignant properties on these cells, for example, Myc (He et
dephosphorylation of the protein; (iii) doeg-gatenin interact al., 1998) and cyclin D1 (Shtutman et al., 1999; Tetsu and
with the ‘classic’ partners of-catenin; and (iv) does the McCormick, 1999). It was previously demonstrated that
phosphorylation of B-catenin affect its subcellular deletion mutants of APC lacking amino acids 1941 to 2644
organization. could not inhibif3-catenin-mediated transactivation in SW480

An essential pre-requisite for addressing these questions weslls (Morin et al., 1997), suggesting that this domain of APC
to obtain a highly specific antibodgf3-catenin) for tracing is necessary fdgs-catenin downregulation (Morin et al., 1997).
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0.6 um

Fig. 7.pB-catenin is transiently associated
with nascent adherens junctions. (a) MDCK
cells were transfected with HB-catenin and
after 48 hours fixed and stained as described
in the Materials and Methods. Ratio imaging
analysis was carried out at six optical b 10 hrs 20 hrs

sections (0.um apart) and shows exclusive .

localization of f3-catenin (red) in nuclear
30 hrs 1 hr EGTA

speckles and not in adherens junctions.

(b) BCAP cells were plated on coverslips for
the specified times (A-D) or treated with
4 mM EGTA for 1 hour (E) or washed and
allowed to recover for 3 hours in the presence
of fresh medium containing €a(F). The
cells were fixed, stained and analyzed by 1

ratio imaging analysis. The colors represent

the ratio betweenfcatenin (red) and either

HA B-catenin (blue, in the transfected

MDCK cells) or total endogeno(gscatenin I

(blue, in the BCAP cells). The insertin A 0.1

shows the specific inhibition of th@p

catenin staining in the presence of the double

The results presented here indicate that phosphorylation antblecule is detected in these cells only after blocking
ubiquitination off3-catenin may be differentially regulated by proteasomal degradation. It thus appears that the region
distinct regions of the APC molecule. Thus, truncation of théetween amino acids 1338 and 1555 of the APC containing the
APC molecule at position 1338 (like in SW480 cells) cansecond 20 amino acid repeat region is particularly important
support some phosphorylation, but such APC lacks the regidor the turnover of B-catenin by either promoting degradation
that is necessary for promoting the degradatiof-ohtenin.  or affecting its dephosphorylation.

Alternatively, these cells may be deficient picatenin A related intriguing observation, highlighted by this
dephosphorylation, resulting in the accumulation @ p study, is the capacity of [pcatenin to undergo rapid
catenin. APC truncated at a more C-terminal position (1555 atephosphorylation and thus avoid proteasomal degradation.
found in HT29 cells) can support some phosphorylationAccording to the common vieva-catenin phosphorylation is
although at a lower level, compared with wild-type APC inlargely a unidirectional process, leading to the ubiquitination
293T cells, but the subsequent ubiquitination and degradatiand degradation of the protein. To test whetReratenin
of the molecule are efficient, since the phosphorylategghosphorylation is a reversible process, we blocked the

30 hrs

3 hrs recovery

phosphorylated peptide (pep). Bar, .
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MG132 - + - + - + - + 2001). This may suggest that phosphorylation of the N-
293T HT29 SW480  HCTI116 terminal serines d#-catenin have a regulatory roleffrcatenin
: I 1 ! ! signaling in addition to its effect on protein stability.
o. pp-cat bl VR —— ; Another intriguing feature offfcatenin is its conspicuous

absence from mature cell-cell adherens junctions; yet it has a

transient association with newly formed adhesions. The latter
O B-cat b bl Sl e Gu BB seus Sl observation suggests thdi-patenin has the intrinsic capacity

to interact with the various junctional partners (e.g. cadherin

1 2 3 4 5 6 7 8 . X -
and/ora-catenin), yet these interactions can take place only
Fig. 8. pB-catenin expression in colon cancer cell lines. HT29, during early stages of junction formation (first several hours

SW480 and HCT116 colon carcinoma cells and 293T cells were  after cell plating, or EGTA treatment), when presumably new
either treated (+) with MG132 for 4 hOUI‘§ or |th untreated (-). Cell cytoplasmic B-catenin molecules are recruited to the
extracts were analyzed by western blotting using bothi e membrane, but not at later stages, when the turnover of the
catenin antibody and a general gbtatenin antibody. recruited B-catenin molecules is rather limited. It is not
surprising that GSK{3mediated phosphorylation does not
phosphorylation off3-catenin by LiCl and its proteasomal occur in adherens junctions sinecatenin interacts with
degradation by MG132, and monitored the changesfin p junctional cadherin via its arm repeats that are also involved in
catenin levels with theipp-catenin antibody. Such treatment its association with APC that is essential f@+catenin
resulted in a rapid decline inPgatenin levels {12=10 phosphorylation (Hulsken et al.,, 1994). The subcellular
minutes), suggesting that the molecules can undergo rapdistribution of thep-catenin destruction complex, including
dephosphorylation. The rate @fcatenin dephosphorylation APC, axin, GSK-B8 and dishevelled in polarized epithelial
was comparable to that of its phosphorylation, which wasells, is mostly cytoplasmic (Reinacher-Schick and Gumbiner,
an approximately seven-fold decrease or increase iR001). In addition, an association of PP2A with the
phosphorylatedp-catenin after 1 hour of treatment. The cadherinf-catenin complex was reported (Gotz et al., 2000),
regulation of3-catenin levels was commonly attributed to thesuggesting that even whef-patenin forms a complex with
activation of Wnt signaling, which includes the inhibition of cadherin it may be prone to dephosphorylation activity. The
GSK-3 activity that leads top-catenin accumulation putative role and significance of this associationfBtatenin
(Zhurinsky et al., 2000b). The results described in this studwith newly formed junctions is still to be determined. The
suggest that dephosphorylation Bfcatenin might be an transient localization of-catenin in junctions or its
alternative pathway that can protfctatenin and induce its accumulation in the nuclei may reflect a compartmentalized
accumulation, a process equivalent to the activation of Wrghelter from degradation, whose physiological significance is
signaling. Whether such process indeed takes place, and wizdéo unclear at present.
might be the exact activation mechanism, remains to be Taken together the observations of this study suggest
determined. Effects of dephosphorylation by proteinthat 3-catenin is a short lived, transcriptionally inactive
phosphatase 2A (PP2A) in the degradation complex dahtermediate, with a half life determined by the fine-
APC-Axin—-GSK3®-f-catenin were previously suggested.tuned balance between phosphorylation, dephosphorylation,
PP2A was found to dephosphorylate axin following Wntubiquitination, proteasomal degradation and subcellular
signaling, thereby releasin@-catenin from the degradation localization.
complex (Willert et al., 1999). On the other hand, it has been
shown that PP2A can promote the degradati@iagtenin and
inhibit Wnt signaling (Li et al., 2001; Seeling et al., 1999;References
Yamamoto et al., 2001). A dephosphorylation activity, directeGhperie, H., Bauer, A., Stappert, J., Kispert, A. and Kemler, R(1997).3-
to the-catenin molecule itself, has not yet been described. catenin is a target for the ubiquitin-proteasome path&shBO J.16, 3797-
Examination of the effect dB-catenin phosphorylation on _ 3804. _ _
the interaction with its different molecular partners revealed®ehrens, J., von Kries, J., Kuhl, M., Bruhn, L., Wedlich, D., Grosschedl,
L . . R. and Birchmeier, W. (1996). Functional interaction @fcatenin with the
some intriguing features. As is evident from CO- anseription factor LEF-INature382 638-642.
immunoprecipitation experiments, phosphorylafgdatenin  Ben-ze'ev, A. and Geiger, B(1998). Differential molecular interactions of
binds to LEF1, yet it apparently fails to efficiently form a p-catenin and plakoglobin in adhesion, signaling and caer. Opin.
temary- _comple_x With DNA -and Is thus p-rObany Ca(c:!iegljlaﬁlo:éll(\)lyl 6:r?c_16§3.sse R(1997). Wnt signaling: a common theme in
transquptlonally |nact|ve._The basis f_or these propertiegof P ~animal developmenGenes Devi1, 3286-3305.
catenin is not clear, but it appears likely that phosphorylatiogotz, 3., Probst, A., Mistl, C., Nitsch, R. M. and Ehler, E(2000). Distinct
may affect its transactivation capacity. This notion is supported role of protein phosphatase 2A subunit @@ the regulation of E-cadherin
by the observation that mutations in the putative GBK-3 andB-catenin during developmeriflech. Dev93, 83-93. _
phosphorylation site @-catenin increase its signaling activity ©uge" K. A. and Gumbiner, B. M.(2000). A mode of regulation @¢catenin
- . . signaling activity inXenopusembryos independent of its level3ev. Biol.
when compared with equal amounts of wild-typeatenin 223 441-448.
(Guger and Gumbiner, 2000). In addition a recent findingart, M., Concordet, J., Lassot, I., Albert, I., del los Santos, R., Durand,
demonstrated that phosphorylated3-catenin,  which H., Perret, C., Rubinfeld, B., Margottin, F., Benarous, R. et al.1999).
accumulates after blocking proteasomal degradation, is unablerhe |FEbO)'(t prottel_r{B-Tr%F]’ assn‘;c'at?;. ‘I"’gh 2%*‘7";%”3"6‘@@“9”'” and
to activate a synthetic LEF/TCF reporter (TOPFLASH),,, “eies I sehvy i he cefur Bio 0. 507210, "'
whereas non-phosphorylatBetatenin accumulating after Wnt  worin, P., Vogelstein, B. and Kinzler, K.(1998). Identification of c-MYC
or LiCl treatments is transcriptionally active (Staal et al., as a target of the APC pathw&cience281, 1509-1512.



2780 Journal of Cell Science 115 (13)

Huber, O., Korn, R., McLaughlin, J., Ohsugi, M., Herrmann, B. and subcellular distribution of th@-catenin destruction complex in polarized
Kemler, R. (1996). Nuclear localization dg-catenin by interaction with epithelial cellsJ. Cell Biol.152 491-502.
transcription factor LEF-IMech. Dev59, 3-10. Sadot, E., Simcha, I., Shtutman, M., Ben-Ze'ev, A. and Geiger, B1998).

Hulsken, J., Birchmeier, W. and Behrens, J(1994). E-cadherin and APC Inhibition of B-catenin-mediated transactivation by cadherin derivatives.
compete for the interaction wifltcatenin and the cytoskeletah.Cell Biol. Proc. Natl. Acad. Sci. US85, 15339-15344.

127, 2061-2069. Sadot, E., Simcha, I., lwai, K., Ciechanover, A., Geiger, B. and Ben-Ze'ev,

Kam, Z., Jones, M. O., Chen, H., Agad, D. A. and Sedat, J. {1993). A. (2000). Differential interaction of plakoglobin afidcatenin with the
Design and construction of an optimal illumination system for quantitative ubiquitin-proteasome systef®ncogenel9, 1992-2001.
wide-field multi-dimentional microscopfgioimagingl, 71-81. Seeling, J., Miller, J., Gil, R., Moon, R., White, R. and Virshup, D(1999).

Kikuchi, A. (2000). Regulation of-catenin signaling in the Wnt pathway. Regulation of3-catenin signaling by the B56 subunit of protein phosphatase
Biochem. Biophys. Res. CommB68 243-248. 2A. Science283 2089-2091.

Kitagawa, M., Hatakeyama, S., Shirane, M., Matsumoto, M., Ishida, N.,  Shtutman, M., Zhurinsky, J., Simcha, ., Albanese, C., D’Amico, M.,
Hattori, K., Nakamichi, I., Kikuchi, A., Nakayama, K. and Nakayama, Pestell, R. and Ben-Ze'ev, A(1999). The cyclin D1 gene is a target of the
K. (1999). An F-box protein, FWD1, mediates ubiquitin-dependent [-catenin/LEF-1 pathwayrroc. Natl. Acad. Sci. US86, 5522-5527.
proteolysis of3-catenin.EMBO J.18, 2401-2410. Simcha, I., Shtutman, M., Salomon, D., Zhurinsky, J., Sadot, E., Geiger,

Li, L., Yuan, H., Weaver, C., Mao, J., Farr, G., Sussman, D., Jonkers, J., B. and Ben-Ze'ev, A.(1998). Differential nuclear translocation and
Kimelman, D. and Wu, D. (1999). Axin and fratl interact with dvl and transactivation potential ds-catenin and plakoglobinl. Cell Biol. 141,
GSK, bridging dvl to GSK in Wnt-mediated regulation of LEFEMBO J. 1433-1448.

18, 4233-4240. Sokol, S.(1999). Wnt signaling and dorso-ventral axis specification in

Li, X., Yost, H. J., Virshup, D. M. and Seeling, J. M.(2001). Protein vertebratesCurr. Opin. Genet. DeW, 405-410.
phosphatase 2A and its B56 regulatory subunit inhibit Wnt signaling irStaal, F. T. J., van Noort, M., Strous, G. J. and Clevers, H. €2001). Wnt
XenopusEMBO J.20, 4122-4131. signals are transmitted through N-terminally dephosphoryl@teatenin.
Liu, P., Wakamiya, M., Shea, M. J., Albrecht, U., Behringer, R. R. and EMBO Rep3, 63-68.
Bradley, A. (1999). Requirement for Wnt3 in vertebrate axis formatiat. Stark, K., Vainio, S., Vassileva, G. and McMahon, A. K1994). Epithelial
Genet.22, 361-365. transformation of metanephric mesenchyme in the developing kidney
Mao, B., Wu, W., Li, Y., Hoppe, D., Stannek, P., Glinka, A. and Niehrs, C. regulated by Wnt-4Nature372, 679-683.
(2001). LDL-receptor-related protein 6 is a receptor for Dickkopf proteins.Tetsu, O. and McCormick, F.(1999).3-catenin regulates expression of cyclin

Nature411, 321-325. D1 in colon carcinoma cellfNature 398, 422-426.

McMahon, A. P. and Bradley, A.(1990). The Wnt-1 (int-1) proto-oncogene Willert, K., Shibamoto, S. and Nusse, R.(1999). Wnt-induced
is required for development of a large region of the mouse [aih62, dephosphorylation of axin releagesatenin from the axin complefgéenes
1073-1085. Dev.13, 1768-1773.

Miller, J. and Moon, R. (1997). Analysis of the signaling activities of Winston, J., Strack, P., Beer-Romero, P., Chu, C., Elledge, S. and Harper,
localization mutants op-catenin during axis specification KenopusJ. J. (1999). The SCB-TRCP-ubiquitin ligase complex associates specifically
Cell Biol. 139, 229-243. with phosphorylated destruction motifs irkBa and p-catenin and

Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-Maduro, stimulates kBa ubiquitination in vitro.Genes Devl3, 270-283.

J., Godsave, S., Korinek, V., Roose, J., Destree, O. and Clevers, H. Yamamoto, H., Hinoi, T., Michiue, T., Fukui, A., Usui, H., Janssens, V.,
(1996). XTcf-3 transcription factor mediate-catenin-induced axis van Hoof, C., Goris, J., Asashima, M. and Kikuchi, A(2001). Inhibition

formation inXenopusmbryos.Cell 86, 391-399. of the Wnt signaling pathway by the PR61 subunit of protein phosphatase
Morin, P., Sparks, A., Korinek, V., Barker, N., Clevers, H., Vogelstein, B. 2A. J. Biol. Chem276, 26875-26882.

and Kinzler, K. (1997). Activation off3-catenin-Tcf signaling in colon Yao, Z., Dolginov, Y., Hanoch, T., Yung, Y., Ridner, G., Lando, Z.,

cancer by mutations ifi-catenin or APCScience275 1787-1790. Zharhary, D. and Seger, R.(2000). Detection of partially phosphorylated

Orford, K., Orford, C. and Byers, S. (1999). Exogenous expression of  forms of ERK by monoclonal antibodies reveals spatial regulation of ERK
B-catenin regulates contact inhibition, anchorage-independent growth, activity by phosphataseBEBS Lett468 37-42.
anoikis, and radiation-induced cell cycle arrésCell Biol.146, 855-868. Zamir, E., Katz, B. Z., Aota, S., Yamada, K. M., Geiger, B. and Kam, Z.
Parr, B. A. and McMahon, A. P.(1995). Dorsalizing signal Wnt-7a required (1999). Molecular diversity of cell-matrix adhesiodsCell Sci112, 1655-

for normal polarity of D-V and A-P axes of mouse limlature 374, 350- 1669.

353. Zhurinsky, J., Shtutman, M. and Ben-Ze'ev, A.(2000a). Differential
Polakis, P.(1999). The oncogenic activation @fcatenin.Curr. Opin. Genet. mechanisms of LEF/TCF family-dependent transcriptional activatigr by

Dev.9, 15-21. catenin and plakoglobiMol. Cell. Biol. 20, 4238-4252.
Polakis, P.(2000). Wnt signaling and canc&enes Devl4, 1837-1851. Zhurinsky, J., Shtutman, M. and Ben-Ze'ev, A.(2000b). Plakoglobin and
Reinacher-Schick, A. and Gumbiner, B. M.(2001). Apical membrane -catenin: protein interactions, regulation and biological rale€ell Sci.

localization of the adenomatous polyposis coli tumor suppressor protein and 113 3127-3139.



