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ABSTRACT. pl20-catenin (p120) was originally identified as a tyrosine kinase substrate, and subsequently
shown to regulate cadherin-mediated eekll adhesion. Binding of the p120 Arm domain to E-cadherin
appears to be necessary to maintain adequate cadherin levels for strong adhesion. In contrast, the sequence
amino-terminal to the Arm domain confers a negative regulatory function that is likely to be modulated

by phosphorylaton. Several agents that induce rapid changes incedllladhesion, including PDBu,
histamine, thrombin, and LPA, result in significant changes in p120 S/T phosphorylation. In some cases,
these changes are PKC-dependent, but the relationship among adhesion, PKC activation, and p120
phosphorylation is unclear, in part because the relevant p120 phosphorylation sites are unknown. As a
crucial step toward directly identifying the function of these modifications in adhesion, we have used
two-dimensional tryptic mapping and site-directed mutagenesis to pinpoint the constitutive and PKC-
modulated sites of p120 S/T phosphorylation. Of eight sites that have been identified, two were selectively
phosphorylatedh vitro by GSK33, butin vivo treatment of cells with GSKBinhibitors did not eliminate

these sites. PKC stimulatian vivo induced potent dephosphorylation at S268, and partial dephosphoryl-
ation of several additional sites. Surprisingly, PKC also strongly induced phosphorylation at S873. These
data directly link PKC activation to specific changes in p120 phosphorylation, and identify the target
sites associated with the mechanism of PKC-dependent adhesive changes induced by agents such as

histamine and PDBu.

p120 catenin (hereafter p120) was originally identified as lial morphology by unidentified mechanisms that are de-

a Src and receptor tyrosine kinase substrdte2f, and

pendent on the direct interaction between these prot2d)s (

subsequently revealed as a prominent binding partner of The rescue was much more efficient using constructs lacking

classical cadherin8¢-5). Cadherins comprise a major class
of transmembrane cetlcell adhesion molecules with roles

the amino-terminal domain. This activity is likely responsible
for the positive effects of p120, and necessary to maintain

in development, morphogenesis, and cancer (reviewed in refE-cadherin abundance at levels sufficient to mediate strong

6). At the molecular level, cadherin extracellular domains

cell—cell adhesionZ0). In contrast, constructs including the

bind to one another to generate adherens junctions betweermmino-terminal domain dampened this otherwise positive

neighboring cells. The cytoplasmic domains interact with
the armadillo repeat domain protejficatenin, plakoglobin,
and pl120.5-Catenin (or plakoglobin) binds further with
a-catenin, which physically links the complex to the actin
cytoskeleton 7—10). In contrast, p120 does not bind
o-catenin, and is postulated to indirectly regulate the
cytoskeletal linkage, possibly through modulation of Rho
GTPases{1-15).

An extensive literature implies that p120 can both posi-
tively and negatively regulate cell adhesivenes8—19),
which likely depends on signaling inputs that regulate its
activity. Using a p120-deficient SW48 colon carcinoma cell

effect, reflecting the presence of negative regulatory se-
guences. Our data are consistent with results in Colo205 cells,
in which cadherin adhesiveness was restored by pl120
isoforms lacking the amino terminus, but not by isoforms
that retained these sequencd®)( The amino-terminal
domain contains all of the previously identified tyrosine
phosphorylation sites2(l), but serine and threonine phos-
phorylation sites have not been mapped. A working model
suggests that signaling molecules that modulate cadherin
cell—cell adhesion act in part by inducing changes in p120
tyrosine (Y} and/or serine/threonine (S/T) phosphorylation,
and thereby negatively modulate the otherwise positive action

line, we showed previously that restoring p120 expression of p120 on E-cadherin adhesiveness.
substantially increases E-cadherin levels and rescues epithe- Recent studies implicate S/T phosphorylation in this
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culture, p120 is constitutively phosphorylated on serine and All S/T point mutations of p120 were constructed initially

threonine 2, 24). In many epithelial and endothelial cell
lines, pharmacologic activation of protein kinase C (PKC)
induces significant S/T dephosphorylation of p12@, 23),

as evidenced by discreet p120 bandshifts on Sp@y-

in RcCMV mp120-1A and verified by DNA sequencing.
Cell Culture and Transient TransfectioNIH3T3 (murine

fibroblast), HCT116 (human colorectal carcinoma), and

Colo205 (human colorectal carcinoma) cells were obtained

acrylamide gels, and by direct measurements of p120 S/Tfrom American Type Culture Collection and cultured in
phosphorylation levels. p120 dephosphorylation is also Dulbecco’s modified Eagle’s medium (DMEM, Hyclone).
induced by physiologically relevant agents such as histamine,LNCaP cells (human prostate carcinoma), generously pro-

thrombin, lysophosphatidic acid (LPAR®), and vascular
endothelial growth factor (VEGF)26). These agents dra-

vided by S. Brady-Kalnay, were cultured in RPMI 1640 (Life
Technologies, Inc.). All media were supplemented with 10%

matically reduce adhesiveness in some cell types, often in aheat-inactivated fetal bovine serum (Hyclone) and 1%
PKC-dependent manne2Z, 23, 26—28). Defects in Colo205  penicillin-streptomycin (Life Technologies, Inc.). For cell
cell—cell adhesion have also been correlated with changestreatments, reagents dissolved in DMSO were added to
in p120 S/T phosphorylation. These effects can be partially medium directly with a 1:1000 dilution. The same amount
reversed by staurosporine, a broad spectrum kinase inhibitorof DMSO was used as a control.
which also induces changes in p120 S/T phosphorylation. Transient transfections were performed with SuperFect
While these observations strongly support a role for p120 transfection reagent (Qiagen) according to the manufacturer's
S/T phosphorylation in dynamically modulating cadherin directions; 5ug of total DNA and 25uL of SuperFect were
function, direct mechanistic evidence is lacking, in part used for each transfection per 60 mm dish. For cotransfection
because the relevant sites have not been identified. experiments, equal amounts of each plasmid were transfected.
To directly address the role of p120 S/T phosphorylation In vivo labeling or cell lysate preparation was performed 24
in cadherin function, and to link p120 modification to specific h after transfection.
signaling pathways, we aim to generate p120 S/T mutants Mouse p120 constructs used in transient transfections
that can selectively reveal specific roles for individual include RcCMV, RcCMV, mp120-1A (wild type or S/T to
phosphorylation sites. Here, as a crucial step toward advanc-alanine point mutants), RcCMV mp120-3A, RcCMV mp120-
ing these goals, we employed two-dimensional tryptic 4A, RcCMV mp120-1M29-233, and RcCMV mp120-
mapping methods to identify all major p120 sites of 1NA234-387.
constitutive and PKC-induced S/T phosphorylation. Eight In Vivo Labeling of p120Cells were 88-90% confluent
sites were identified, five of which mapped to the amino- on the day ofn vivo labeling. Cells were washed twice with
terminal phosphorylation domain, a stretch of approximately Tris-buffered saline (pH7.4) and starved for 15 min in
100 amino acids shown previously to contain the major phosphate-free DMEM (Life Technologies, Inc., 4 mL/100
tyrosine phosphorylation sites induced by $t)(The major mm dish, 1.5 mL/60 mm dish) containing 4% dialyzed fetal
site dephosphorylated by PKC activation was S268, althoughbovine serum (Life Technologies, Inc3P-labeled HPO,
partial dephosphorylation was detected at several sites.(0.5 mCiuL in H,0, carrier-free, ICN Biomedicals Inc.) was
Surprisingly, the most striking effect of PKC activation was then added directly to the medium (1 mCi/100 mm dish, 0.35
a strong induction of phosphorylation at S873, an event not mCi/60 mm dish), and cells were incubated in this medium
predicted by previous evidence. Thus, several pathways actfor 4 h. Cell lysate preparation and immunoprecipitation were
through PKC to post-translationally modify p120 at multiple then performed as described below.
sites. We conclude that pathways affecting cadherin function Cell Lysate Preparation and Immunoprecipitatiofor
through PKC act both directly and indirectly on p120 and phosphopeptide mapping, metabolically labeled cells were

are likely to regulate adhesion through this mechanism.

EXPERIMENTAL PROCEDURES

Antibodies and Other Reagennti-p120 mAbs ppl120
(Transduction Laboratories), 8D129), and 15D2 29)
(Zymed) have been characterized extensive).(Mono-
clonal antibody 12CA5 (Boehringer Mannheim Corp.)
recognizes the hemagglutinin (HA) epitope tag. pCMX-
GSK35-HA, which expresses HA-tagged GSK3was
provided by R. Wisdom (Vanderbilt University). pCMX-
GSK35 K85M/861-HA, which encodes a kinase-inactivated
form of GSK33, was constructed by site-directed mutagen-
esis as described below.

The following protein kinase inhibitors or activators were
used: staurosporine, bisindolylmaleimide | (Bisl), and phor-
bol 12,13-dibutyrate (PDBu) from Sigma.

Mutagenesis.The murine p120 deletion mutants used
in this study have been described previousdp)( Point

washed once with Tris-buffered saline (TBS, pH 7.4) and
lysed with 1 mL per dish of ice-cold RIPA buffer [50 mM
Tris (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholic acid, and 0.1% SDS] containing protease and
phosphatase inhibitors (1 mM phenylmethanesulfonyl fluo-
ride, 5ug/mL leupeptin, 2ug/mL aprotinin, 1 mM EDTA,

and 50 mM NaF) for 5 min. Lysates were precleared by
centrifugation at 14 000 rpm for 10 min. Then 4 of
primary monoclonal antibodies (mAb) was added to the
supernatants, and incubated fioh at 4°C with end-over-
end rotation. mAb pp120 or 15D2 was used for endogenous
p120, while mAb 8D11, which does not react with human
p120, was used to selectively immunoprecipitate transfected
murine p120. Then 20L of a protein A-Sepharose 4B bead
slurry (Amersham Pharmacia Biotech; 1:1 slurry of beads
and phosphate-buffered saline at pH 7.4) coupled to a rabbit
anti-mouse IgG bridge antibody (Jackson Immunoresearch,
Inc.) was added to lysates and the mixture incubated at 4

mutations were generated by site-directed mutagenesis usingC for an additional 1 h. Immunoprecipitates were washed
QuickChange mutagenesis (Stratagene) according to thefour times with RIPA lysis buffer, resuspended in< 2

manufacturer’s instructions, except that Turpfu poly-

Laemmli sample buffer, and boiled at 10Q for 5 min.

merase (Stratagene) was used for all amplification reactions.Protein samples were separated by SipSlyacrylamide gel
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electrophoresis (SDSPAGE) and transferred to polyvinyl-
idene difluoride (PVDF) membranes (Millipore) for phos-
phopeptide tryptic mapping.

In Vitro Kinase AssaytHHCT116 cells were cotransfected
with 2.5 ug of RecCMV mp120-1A (wild type or S/T to
alanine point mutants) and 2/g of pCMX GSK3¥-HA
(wild type or KB5M/K86I mutant). Cell lysis and immuno-
precipitation procedures were performed as described above
except that 3«g of both p120 antibody (8D11) and HA tag
antibody (12CA5) were added to lysates to immunoprecipi-
tate both p120 and GSlIg3together. Immunoprecipitates
were washed four times with ice-cold RIPA buffer and twice
with Tris-buffered saline (pH 7.4). Then immunoprecipitates
were incubated with 2QL of serine/threonine kinase buffer
[20 mM HEPES (pH 7.4) and 10 mM Mgég}lcontaining
10uCi of [y-32P]ATP (ICN Biomedicals Inc.) for 30 min at
room temperature with constant agitation. Reactions were
terminated by washing the mixture twice with RIPA buffer
containing 5 mM EDTA followed by boiling in 2 Laemmli
sample buffer for 5 min.

Phosphopeptide Tryptic Mapping and Phosphoamino Acid
Analysis.Phosphoproteins labeléd vivo or in vitro were
separated by SDSPAGE and transferred to PVDF mem-
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Ficure 1: Major serine/threonine phosphorylation sites of p120
are conserved among different cell lines and speciesQATwo-

branes. After visualization by autoradiography, expected dimensional tryptic phosphopeptide maps of endogenous p120 from

phosphoprotein bands were cut out and phosphoproteins wer
cleaved from the membrane with 1@/mL L-(tosylamino-

he indicated murine (A) and human (B and C) cell lines. Prominent
eptides (spots) that are observed reproducibly in all of the cell
lines that were tested are numbered from 1 to 8. Samples were

2-phenyl)ethyl chloromethyl ketone-treated bovine pancreasloaded at the origin (0), and arrows that originate from loading
trypsin (TPCK-trypsin, Worthington) as described previously origins indicate the direction of electrophoresis (horizontal, toward
(20, The resuling pepides were then subjeced to tio- 0 SN0 319, SOOIy (erea), especney, (O
dlmens_lonall pho;phopeptlde mapping or phosphoamino .ac'dplzopfrom HCT116 cellsyshowed that most phosphoryl%ttion was
analysis using thin-layer cellulose plates (VWR) according on serine, but trace amounts were also detected on threonine.
to the procedures described in detail previoust) (Briefly, Positions of phosphoserine (S), phosphothreonine (T), and phos-
for two-dimensional phosphopeptide mapping, digested photyrosine (Y) standards are circled. The sample loading origin
phosphopeptides were separated in the first dimension by'rfli'g;’;ggf?oggrg”g]gr;%ﬁ'e”?rlcf‘ht: m‘ztd&eﬁ“fg? g‘;ﬁ'i‘grc%%c’zggc
electrophor_e5|s using a Hunter thm-layer. electrophorg5|s3_5) dimensions. See Figure 3J for a schematic illustration of the
chamber with pH 1.9 buffer (1.0 kV, 30 min) and then in  paA map.
the second dimension by ascending chromatography with
phosphochromatography buffer. For phosphoamino acid ref 20). Colo205 stable cell lines were established by G418
analysis (PAA), digested total phosphopeptides or individual selection.
phosphopeptides recovered from TLC mapping plates were
acid-hydrolyzed at 116C in 6 N HCI for 1 h. Samples were ~ RESULTS
then lyophilized and analyzed by first-dimension (pH 1.9  S/T Phosphorylation Sites Are Congenl across Cell Lines
buffer, 1.5 kV, 20 min) and second-dimension (pH 3.5 buffer, and SpeciesTo characterize the p120 S/T phosphorylation
1.3 kV, 16 min) electrophoresis. To identify the phospho- statusin zivo, two-dimensional tryptic phosphopeptide
amino acids, samples were mixed with phosphoserine, mapping was performed on endogenous p120 from different
phosphothreonine, and phosphotyrosine standards before thefituman and murine cell lines. These maps displayed very
were loaded onto TLC plates. After two-dimensional elec- similar patterns of approximately 48 phosphopeptides
trophoresis, standards were visualized with ninhydrin. Fi- (Figure 1A-C), although the density of individual phospho-
nally, TLC plates for both tryptic mapping and PAA were peptides varied between cell lines and from experiment to
visualized by radiography with KODAK X-OMAT AR X-ray  experiment. Phosphoamino acid analysis (PAA) of p120 from
films exposed with an intensifying screen-av0 °C. HCT116 cells showed that most of the phosphorylation
Generation of Colo205 Stable Cell Lines Using the (>90%) occurred on serine, although threonine phosphoryla-
Retraviral Expression SystemConstruction of the pMS  tion was also detected (Figure 1D). No phosphotyrosine was
shuttle vector and LZRS retroviral vector pLZRS-MS-IRES- detected. Thus, consistent with previous repots 32),
neo has been described previousd@)( cDNAs for mp120- under normal circumstances, p120 is almost exclusively phos-
3A or mp120-4A (and mutants derived from these cDNAs) phorylated on S/T. Phosphopeptides8L.were chosen for
were first subcloned into pMS, and then moved into pLZRS- identification because they were prominently phosphorylated
MS-IRES-neo vectors using the unique restriction sites of and observed consistently in most of the cell lines that were
Sgf and Sfil. Calcium phosphate transfection of the viral tested.
packaging Phoenix 293 cells, viral harvest, and infection of  Identification of Major p120 S/T Phosphorylation Sites.
Colo205 cells were performed as described previously (Nolan p120 contains 71 serine and 47 threonine residues. To narrow
lab website at http://www.stanford.edu/group/nolan; also seethe search to a manageable number of candidate sites, pilot
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Ficure 2: Initial localization of the major S/T sites by isoform and deletion analysis. (A) Schematic illustration of murine p120 isoforms
and deletion constructs used in this study. Deleted regions are illustrated with dotted lines. (B) Two-dimensional tryptic maps of different
mp120 isoforms and deletion mutants. The indicated p120 constructs were transiently overexpressed and proteins metabolically labeled
with [32P]orthophosphate in HCT116 cells. The transfected murine p120 was selectively recovered from the human HCT116 cell line by
immunoprecipitation with mAb 8D11 and then analyzed by two-dimensional tryptic mapping. Peptides absent from each map are highlighted
with dashed circles around their predicted location.
studies were carried out using a panel of murine pl120 To discriminate between serine and threonine phosphoryl-
isoforms and deletion mutants (Figure 2A). The strategy ation, each spot was individually recovered from TLC plates
involved transiently transfecting murine p120 into human and subjected to phosphoamino acid analysis (Figure 3).
(HCT116) cells, and then selectively recovering the trans- Results showed that spots-4, 6, and 9 contained only
fected p120 (aftein vivo labeling) by immunoprecipitation ~ phosphoserine, whereas spots 7 and 8 contained only
with mAb 8D11, which recognizes murine but not human phosphothreonine. Spot 5 contained both phosphoserine and
p120. This approach allows us to recover the transfectedphosphothreonine.
murine p120 from human cells without interference from  On the basis of the preliminary mapping information, and
the endogenous p120. The tryptic map of murine p120-3A clues from the two-dimensional migration characteristics of
(Figure 2B, panel b) was very similar to the map derived the spots, we chose candidate sites for reanalyzis after
from the endogenous human p120 isolated from the samemutation to alanine. As shown in Figure 4, alanine substitu-
cells (Figure 1B). Thus, the phosphorylation sites are tions for S288 (S288A), S268 (S268A), T910 (T910A), and
conserved between murine and human p120, and transfecte®122 (S122A) resulted in the elimination of phosphopeptide
murine p120 is accurately phosphorylated in human cells. spots 1, 3, 8, and 9, respectively (panels E, D, I, and B of
As shown in Figure 2B, the transfected wild-type mp120- Figure 4, respectively). The phosphorylation site of peptide
1A isoform contained the same major spots as mp120-3A 9 (S122) was not in accordance with our previous prediction
with the exception of spot 9, which was absent from mp120- of a location between amino acids 29 and 102. Apparently,
3A. This peptide was also absent from p120 containing a residues 112, present in p120-1A, but not in p120-3A,
deletion of residues 29233 (Figure 2B, panel d). Together, are necessary for phosphorylation at residue S122. The
these data suggested that peptide 9 was located in an aminoS252A mutation eliminated two spots, spots 4 and 6 (Figure
terminal region between amino acids 29 and 102. With the 4C). Likewise, the T310A mutation removed both spots 5
exception of spots 2 and 8, all the major spots were and 7 (Figure 4F). These putative two-spot peptides were
eliminated in mp120-4A (Figure 2B, panel c). Thus, spots 1 further analyzed by partial acid hydrolysis of each spot, and
and 3-7 were tentatively assigned to the region between resulting peptide “fingerprints” were compared. As implied
amino acids 102 and 324. Peptide 8 was detected in deletiorby the above data, the patterns for spots 4 and 6 were
A233-387 (Figure 2B, panel e), suggesting that its location identical, as were the patterns from spots 5 and 7 (compare
was carboxy-terminal to residue 387. Peptide 2 is located panels D and F of Figure 3, and panels E and G of Figure
C-terminal to amino acid 324 because it was present in 3). Thus, spots 4 and 6 are partial tryptic products of peptides
mp120-4A. However, for reasons that are unclear, peptide containing S252, and spots 5 and 7 are partial tryptic products
2 was lost from the deletion mutan29—233 (Figure 2B, of peptides containing T310. This result was further con-
panel d). It is possible that the deletion of amino acids29 firmed by tryptic maps from GSKBin vitro kinase assays
233 causes conformational changes that eliminate the phos{described later in Figure 5).
phorylation at this site. These data demonstrate that most of Since peptide 5 contains both phosphoserine and phos-
the major sites are concentrated in an amino-terminal regionphothreonine, and S312 is the only serine located in the
that has been previously termed the phosphorylation domaintryptic peptide containing T310, it is likely that S312 is also
based on assignment of the majority of the Src-induced phosphorylatedn vivo. Indeed, the S312A mutation elimi-
tyrosine phosphorylation siteg1). nated spot 5 from the map completely (Figure 4H), but spot
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Ficure 3: Phosphoamino acid analysis (PAA) of individual p120 phosphopeptidedl) (Pollowing two-dimensional tryptic mapping,
individual phosphopeptides were recovered from TLC plates and subjected to two-dimensional mapping for PAA. Positions of phosphoamino
acid standards are illustrated with circles. (J) Schematic showing locations of phosphoserine (S), phosphothreonine (T), phosphotyrosine
(Y), and free orthophosphate;JPThe striped spots labeled with “fingerprints” refer to the partial hydrolysis products, which are unique

to each peptide.
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t—b 8 o o 8 was transiently co-overexpressed in HCT116 cells with either wild-

type mp120-1A (A and D) or mp120-1A mutants containing alanine

substitutions at either T310 (B) or S252 (C). The overexpressed

GSK3-HA and p120 proteins were immunoprecipitated together

Ficure 4: Direct identification of majoin vivo phosphorylation

sites by mutational analysigach candidate S/T phosphorylation

site was mutated to alanine. The constructs were expressed andVith P120 mAb 8D11 and HA-tag mAb 12CAS, aittluitro kinase
proteins labeledn vivo in HCT116 cells and analyzed by two-  aSSays were performed as described in Experimental Procedures.

dimensional tryptic mapping. Alanine mutations at S122, S252, In vitro-labeled p120 was then subjected to phosphopeptide tryptic

S268, $288, T310, S312, and T910 eliminated specific phospho-Mapping. The resulting maps show selective phosphorylation of
peptide spots as indicated in panels- IX(predicted locations are ~ P120 by GSKB on four spots corresponding to spotsAon maps

circled). Because of experimental variation from one batch of maps from in vivo-labeled p120. As in the case iof vivo-labeled p120,
to the next, wild-type p120 control maps are shown for each I vitro spots 4 and 6 were eliminated by the S252A mutation, and

experimental run. Panel A is the control for panelsiB Panel G SPOts 5 and 7 were eliminated by the T310A mutation.
is the control for panels H and I.

The results of the mapping data are summarized in Table
7 was unaffected. Since the T310A mutation eliminated both 1. The only major site that we were not able to identify is
spots, one possibility is that spot 5 represents a peptidespot 2.
phosphorylated on both T310 and S312, whereas spot 7 is GSK3 Can Phosphorylate p120 in Vitr@l20 contains
phosphorylated on T310 alone. If phosphorylation of T310 several consensus phosphorylation sites (SXXXpS) for the
is a prerequisite for phosphorylation of S312, then eliminat- S/T kinase GSKS, a kinase known to regulate the stability
ing T310 could result in loss of phosphorylation at both T310 of S-catenin 83—35). To evaluate whether GSK3egulates
and S312. p120, we initially asked whether GSK&ould phosphorylate
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Table 1: Summary of Major p120 S/T Phosphorylation Site¥ivo*

Peptide  Phosphorylated Tryptic fragment Characteristics
residue(s)

9 S122 " MQEPGQIVETYTEEDPEGAMS'*VVSVETTDDGTTR/R " Only in mp120-1A

4,6 S252 0 APS*IR 2 GSK3B in vitro site

3 S268 ¥ VGGS™SVDLHR *™ PK C-dephosphorylated

1 S288 M SHEMGYDDLDYGMMSDYGTAR/R 6307

7 T310 W TGTHPSDPR/R/R 3153165317 GSK3 in vitro site

5 T31 U, §312 0% TGTHGPS“EDPR-"IRJR RIETRI TR )

10 S873 13 S DK /K/PDR/EEIPMSNMGSNTK/SLDNNYSTLNER ™™ PK.C-phosphorylated

8 T910 e R 0 ) Absent in Colo205 cells

2 unknown Present in 1soform 4A

8122 K252 S268 8188 T310 8312 SR73 0 T9I0

e -
77774 T 1 T T I JC 0L T T 1 [ Edl

re v Ty o

[ Phosphorylation domain
|:I Armadillo Repeats

Exon A, Bor C

T Serine/threonine phosphorylation sites

<!, Sre tyrosine phosphorylation sites

aTrypsin cleaves after lysine (K) or arginine (R) but cuts inefficiently between the adjacent R or K. It also does not cut efficiently when R and
K is followed by glutamic acid (E) or aspartic acid (D). It does not cut when a proline (P) directly follows an R or K. Amino acid numbers are
based on the murine p120 isoform 1A sequence.

p120in »itro. HA-tagged GSKB and wild-type mp120-1A  substantially decreased by PDBu treatment (Figure 6A,
were cotransfected into HCT 116 cells and then immuno- compare panel b to panel a), and pretreatment of cells with
precipitated together using p120 mAb 8D11 and HA-tag bisindolylmaleimide | (Bisl), a specific PKC inhibitor,
mAb 12CA5. p120 was then phosphorylated with the G&K3  blocked this effect (Figure 6A, panel c). Total levels of p120
in vitro kinase assay and analyzed by tryptic mapping. The phosphorylation were reduced by 40% after PDBu treatment
in vitro-labeled p120 revealed four spots corresponding to (data not shown), suggesting partial dephosphorylation at
spots 4-7 on thein vizo maps (compare Figure 5A to Figure  other sites. These data suggest that PKC activation indirectly
1B). Although S252 and T310 do not match known GBK3 regulates p120 by inactivation of p120 S/T kinases or
consensus motifs, it appears that GBkefficiently phos- activation of p120 S/T phosphatases.
phorylates these sitda vitro since the S252A mutation Surprisingly, PKC activation strongly induced phos-
eliminated spots 4 and 6 whereas the T310A mutation phorylation of a novel series of tightly clustered peptides,
eliminated spots 5 and 7 (panels B and C of Figure 5, which were collectively termed spot 10 (Figure 6A, panel
respectively). As expected, kinase dead G8K8d not b). This effect was also blocked by pretreatment of cells with
phosphorylate p120 on any of the sites (Figure 5D). Thus, Bisl (Figure 6A, panel c), indicating a direct requirement
S252 and T310 are efficiently and selectively phosphorylated for PKC activation. This result was unexpected because all
in sitro by GSK3. The four spots associated with these previous reports of PKC-induced effects reflect p120 de-
residues comigrate exactly with p120 spots7didentified phosphorylation, as evidenced by direct measurements of
in zivo. However, we could not obtain evidence that these total S/T phosphorylation changes, and by the nature of the
sites are phosphorylated by GBIt vivo. When we treated  p120 bandshift on SDSpolyacrylamide gels. The mobility
HCT116 cells with either lithium chloride (20 mM) or GSK  of spot 10 suggested hydrophilic peptide(s) with high ratios
inhibitor | (Calbiochem), we did not see any change in of charge to molecular weight, and PAA showed that the
phosphorylation of these sites (data not shown). phosphorylated residue for this spot was serine (Figure 6B,
Activation of PKC Induces Dephosphorylation at Serine panel a). Several candidates were tested, and mutation of
268 and Phosphorylation at Serine 872 identify pathways S873 to alanine eliminated the entire cluster (Figure 6B,
and mechanisms that modulate p120 function, we investi- compare panel c to panel b), indicating that all of these spots
gated the effects of direct PKC activation, which increases were derived from peptides containing S873. Figure 6C
the permeability of cell monolayers and induces pl120 shows the location of this novel site just amino-terminal to
dephosphorylation in several cell typ&2). To pinpoint the the beginning of the alternatively spliced sequence termed
affected site(s), phosphotryptic maps of mp120-1A were exon A. The sequence flanking S873 reveals a PKC
generated in HCT116 cells in the presence and absence otonsensus sequence (S-X-K/R), but only if exon A is present.
phorbol 12,13-dibutyrate (PDBu), a widely used PKC The multiple spots associated with tryptic digestion of this
activator. The level of phosphorylation of S268 (spot 3) was peptide are due to the fact that trypsin does not cleave the
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Ficure 6: Activation of PKC decreases the level of phosphorylation
of S268 and induces phosphorylation of S873. (A) HCT116 cells
were transiently transfected with mp120-1A affPJorthophosphate
labeledin vivo. Cells were treated with vehicles (DMSO) (panel
a) or 200 nM PDBu (panels b and c) for 30 min. In panel c, 2.5
uM Bisl was added to the medium 5 min before PDBu was added.
The transfected p120 was recovered and subjected to phosphotrypti

at S268 (spot 3) and strongly induced phosphorylation of a new
group of peptides (spot 10). Both effects are blocked by prior
treatment with Bisl, a potent PKC inhibitor. (B) Identification of

S873 as the phosphorylation site for spot 10. (a) Phosphoamino

acid analysis of spot 10 showing exclusive labeling on serine. (b
and c) HCT116 cells were transiently transfected with wild-type
mp120-1A or the same construct containing an S873A mutation.
Cells were labeledh vivo and treated with 200 nM PDBu for 30

min. Tryptic phosphopeptide maps revealed that the S873A
mutation completely eliminated spot 10. (C) Schematic showing

the sequence of the S873 peptide(s). Note that S873 is in a PKC
S

consensus sequence only when alternatively expressed exon A i
present.

Lys—Pro (K—P) bond and does not cleave efficiently at
Lys—Lys (K—K) or Arg—Glu (R—E) junctions. These data
suggest that PKC directly phosphorylates p120 at S873.
Analysis of p120 S/T Phosphorylation and Staurosporine
Effects in Colo205 CellsColo205 cells are normally poorly

Biochemistry, Vol. 42, No. 30, 2003201

of PKC. The effects of PDBu and staurosporine on p120
SI/T phosphorylation are summarized in Figure 7D.

Interestingly, the T910 spot (spot 8) was absent from maps
of endogenous p120 in Colo205 cells (Figure 7B, panels a
and b), even though T910 was prominently phosphorylated
in p120 from other human cell lines. To determine whether
the signaling pathway(s) responsible for this event was
defective, we introduced wild-type murine p120-3A and
generated tryptic maps. The murine p120 was efficiently
phosphorylated at T910 (Figure 7B, panels ¢ and d),
suggesting that the absence of phosphorylation at this site
in the endogenous Colo205 p120 was not due to a deficiency
in the relevant signal pathway(s). We also analyzed the
endogenous Colo205 p120 by RT-PCR and cDNA sequenc-
ing of its C-terminal end to determine whether the Colo205
p120 is mutated at this site. However, analysis of 12 different
cDNA clones revealed only wild-type sequences in the
vicinity of T910. Since the amino acid sequences of human
and murine p120 are identical in this region, and Colo205
p120 is not mutated, it is not clear why this site is selectively
unphosphoryated in Colo205 cells.

A Model Summarizing the Role of PKC in Signaling
Pathways that Regulate p12Qur data indicate a role for
PKC in regulating p120 (Figure 8). S873 contains a PKC
consensus motif and is strongly phosphorylated after PKC

mapping. PDBu treatment decreased the extent of phosphorylation%cnvat'on’ suggesting that this site is a direct PKC target.

Other sites are indirectly affected, as illustrated in the model.
Serine 268 is most prominently affected, and its dephos-
phorylation occurs downstream of multiple signaling path-
ways that activate PKC. The data directly connect signaling
through PKC with specific sites of p120 phosphorylation.

DISCUSSION

Accumulating evidence suggests that S/T phosphorylation
of p120 may directly regulate p120 and E-cadherin function
(16, 17, 22, 23), and PKC has been widely implicated as an
important signaling intermediat22). Identifying the specific
contributions of p120 modifications, however, is currently
not possible because the signaling pathways acting on p120
simultaneously act on other substrates and pathways as well.
Moreover, as is the case for p120 tyrosine phosphorylation
(212), p120 is phosphorylated at multiple S/T sites, each of

adhesive. Treatment with staurosporine, a broad spectrumwhich may have crucial but separate consequendép (

protein kinase inhibitor, dramatically restores adhesion and
induces a p120 bandshift indicative of S/T dephosphorylation

Therefore, to discriminate p120-specific and phosphorylation
site-specific functions from other consequences of signaling,

(16) (see also Figure 7A). Thus, it has been proposed thatit is necessary to first directly identify the relevant sites, as
the adhesive defects in Colo205 cells are caused bywell as the kinases that phosphorylate them. As an important

alterations in pl120 phosphorylatiorlg). To test this

step toward these goals, we have mapped the major p120

hypothesis, we identified the staurosporine sensitive site(s)S/T phosphorylation sites, and directly identified sites

and attempted to mimic the effects of staurosporine by

associated with PKC activation.

expressing the relevant mutants. Tryptic maps of both ectopic Table 1 shows the location of the newly identified S/T
(stably transfected murine p120) and the endogenous (humangites as well as the tyrosine phosphorylation sit2$) (

p120 were generated from Colo205 cells with or without

identified previously. Most of these sites are tightly clustered

staurosporine treatment. PDBu was also tested for compari-in a region comprising approximately 100 amino acids

son. Interestingly, the S268 site (spot 3), which was
dephosphorylated by PKC activation (Figure 7C), was even

located just amino-terminal to the Arm domain. This region
has been termed the phosphorylation domain because most

more potently dephosphorylated in response to staurosporineof the previously identified tyrosine phosphorylation sites

(Figure 7B, compare panel b to a, or panel d to c). In contrast,
S873 (spot 10) was unaffected, despite the fact that it is
strongly induced by PKC activation, which suggests that

are located there2(). Thus, the majority of tyrosine, serine,
and threonine phosphorylation sites are restricted to a 100-
amino acid stretch implicated previously in the regulation

staurosporine acts on kinase(s) or phosphatase(s) downstreamwf p120 function. On the other hand, S873 (spot 10) and
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FiGure 7: Staurosporine induces potent dephosphorylation at S268 in Colo205 cells. (A) Colo205 cells were treated with vehicle alone
(DMSO) (panel a), staurosporine (100 nM) (panel b), or PDBu (200 nM) (panel c) for 6 h. Staurosporine, but not PDBu treatment, induces
morphology and adhesive changes in Colo205 cells. (B) Staurosporine treatment causes significant p120 dephosphorylation at S268. Parental
Colo205 cells (panels a and b) or a stable Colo205 cell line expressing ectopic mp120-3A (panels ¢ and d) was metabolically labeled with
[32P]orthophosphate and treated fbh with vehicle alone (DMSO) or staurosporine (100 nM), as indicated. Endogenous p120 (panels a
and b) or ectopic murine p120 (panels ¢ and d) was immunoprecipitated and subjected to phosphotryptic mapping. Note that T910 (spot 8)
is absent in endogenous p120 from Colo205 cells (panels a and b), but present in ectopic murine p120 overexpressed in the same cells
(panels ¢ and d). (C) Effects of PDBu on p120 phosphorylation in Colo205 cells. Two-dimensional tryptic maps of mp120-3A were generated
from cells stably expressing mp120-3A treated with vehicle alone (DMSO) or PDBu (200 nM) for 30 min. The new spot (over spot 3) that
showed up after PDBu treatment in this experiment has not been identified. (D) Summary of the effects of PDBu and staurosporine treatments
on p120 phosphorylation at S268 and S873.

T910 (spot 8) are located in the carboxy-terminal end, necessary for PKC-induced regulation of p120 via S873
revealing a new regulatory region. So far, the Arm domain phosphorylation.
itself does not seem to contain prominent phosphorylation Phosphorylation of p12 vitro by GSK35 gave rise to
sites, although the site associated with spot 2 has not yetfour spots, which comigrated exactly with constitutively
been located, and we cannot rule out important roles for phosphorylated peptides# observed on this vivo maps.
minor phosphorylation sites that were not identified. All four phosphopeptides were eliminated by mutation of
Both PKC activators, and staurosporine (a relatively S252 and T310 to alanine, indicating that these two sites
nonspecific kinase inhibitor), result in significant dephos- account for all of the GSK&induced spots. The selectivity
phorylation at S268. Since S268 is dephosphorylated in of GSK33 for these two sites was striking, and they were
response to PKC activation, the action of PKC on S268 is constitutively present on alh vizo maps. However, the
clearly indirect. Thus, PKC activity leads to inactivation of physiologic relevance is unclear because treatment of cells
S268 kinase(s) or activation of S268 phosphatase(s). Thewith GSK33 inhibitors did not eliminate the spots from maps
effects of staurosporine on this site were particularly generated fronin vivo samples.
pronounced, suggesting that staurosporine directly inhibits By mutating the mapped S/T sites to alanine, we were
the S268 kinase. These results focus attention on S268able to directly address the hypothesis that S/T p120
phosphorylation as a potential modulator of p120 and phosphorylation changes account for the staurosporine-
cadherin function. In addition, PKC activators strongly induced rescue of adhesion in Colo205 cell$)( p120
induced phosphorylation at S873. Sequence analysis of S873soform 4A lacks the phosphorylation domain and dramati-
reveals a PKC consensus sequence, suggesting that S873 mapally rescues the adhesive defect in Colo205 céfis. Other
be directly targeted by members of the PKC family. This treatments that rescue Colo205 cell adhesion include brief
result was surprising because all previous data associatedrypsinization and addition of staurosporine, both of which
with PKC-activation predicted p120 dephosphorylation. The induce a p120 bandshift that is indicative of S/T dephos-
result highlights the importance of direct mapping studies, phorylation. We find, however, that direct mutation of these
as opposed to interpreting band shifts or changes in totalsites, both individually and together, does not mimic the
phosphorylation. Interestingly, the PKC consensus sequencesffects of deleting the amino-terminal end (data not shown).
around S873 exists only when exon A is present. Thus, oneMoreover, PKC activation by PDBu also had little effect on
role for exon A is to provide the consensus sequence Colo205 adhesion even though both PKC activation and
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FiGurRe 8: Schematic showing pathways relevant to p120 S/T
phosphorylation. PKCs are activated by pharmacologic agent PDBu,
or in response to extracellular stimulation of physiologically relevant
receptors, including those for VEGF, thrombin, histamine, and LPA.
Many of these agents have significant effects on cell morphology,
adhesion, and motility. Our data strongly suggest that PKC directly

phosphorylates p120 at S873. PKC activation also induces dephos-

phorylation at S268, which is caused indirectly by inactivation of

S268 kinase(s) and/or activation of S268 phosphatase(s). Stauro-

sporine also strongly induces dephosphorylation at S268. Thus,
staurosporine and PKC may affect a common pathway that brings

about dephosphorylation at S268. The data also suggest that PKC

stimulation induces partial dephosphorylation at many of the “other
sites”, along with the more striking dephosphorylation at S268. It

appears that these effects are together responsible for the p120

bandshift associated with PKC activation.

staurosporine induce p120 dephosphorylation at S268. Thus
the negative regulatory effects of the p120 amino terminus

require its physical presence and cannot be duplicated by

mutation of the S/T sites in this region.

The close link between the pl120 bandshift and S/T
dephosphorylation has been demonstrated previoli§]y22,
23), but the data given here are the first pieces of information
regarding individual sites. Simultaneous mutation of the six
major S/T sites resulted in a protein that was always
bandshifted, but none of the single S/T to A mutations was
sufficient. Extensive dephosphorylation at S268 was invari-
ably correlated with the bandshift, although mutation of this
site to alanine did not by itself result in a bandshifted protein.
Thus, the approximate 40% decrease in the overall level of
p120 S/T phosphorylation by PKC activation may also play
a role. Because the direction of the bandshift is indicative
of dephosphorylation, the induced phosphorylation at S873
was surprising. Nonetheless, this was the most striking
consequence of PKC activation, and strongly implicates this
site in direct modulation of p120 activity by PKC.

Whereasf-catenin is tightly associated with cadherins,
p120 is thought to associate loosely, and some cells appeal
to have a significant pool of p120 which is not associated
with cadherin {4, 37). We and others have shown previously
that cadherin-associated p120 is strongly phosphorylated
and that unbound (cytoplasmic) p120 pools are not phos-
phorylated. Interestingly, alanine mutation of the individual
S/T sites, or simultaneous alanine mutation of the six major
S/T sites, had no effect on p120 binding to E-cadherin in
co-immunoprecipitation assays (data not shown). Thus, S/T
phosphorylation of p120 does not directly regulate its E-
cadherin binding role, which is mediated by the Arm domain.

Biochemistry, Vol. 42, No. 30, 2003203

A working model showing pathways related to p120 S/T
phosphorylation is illustrated and described in Figure 8.
Several of the pathways postulated to regulate p120 (and
adhesion) through PKC are shown. Our data clearly link PKC
activation to p120 phosphorylation at S873, and suggest that
PKC directly phosphorylates this site. Indirect regulation of
S268 phosphorylation (and several other sites) requires other
kinases and phosphatases downstream of PKC. Because
many of the acute changes in adheren junction structure and
function induced by agents such as thrombin, LPA, and
histamine involve PKC activation, it is likely that these p120
phosphorylation sites have important roles in adhesion. It is
now possible to directly study these events and isolate the
p120-dependent consequences.
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