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Density-enhanced phosphatase-1 (DEP-1) is a trans-mem-
brane receptor protein-tyrosine phosphatase that plays a recog-
nized prominent role as a tumor suppressor. However, the
mechanistic details underlying its function are poorly under-
stood because its primary physiological substrate(s) have not
been firmly established. To shed light on the mechanisms
underlying the anti-proliferative role of this phosphatase, we set
out to identify new DEP-1 substrates by a novel approach based
on screening of high density peptide arrays. The results of the
array experiment were combined with a bioinformatics filter to
identify eight potential DEP-1 targets among the proteins anno-
tated in the MAPK pathway. In this study we show that one of
these potential targets, the ERK1/2, is indeed a direct DEP-1
substrate in vivo. Pulldown and in vitro dephosphorylation
assays confirmed our prediction and demonstrated an overall
specificity of DEP-1 in targeting the phosphorylated tyrosine
204 of ERK1/2. After epidermal growth factor stimulation, the
phosphorylation of the activation loop of ERK1/2 can be modu-
lated by changing the concentration of DEP-1, without affecting
the activity of the upstream kinase MEK. In addition, we show
that DEP-1 contains a KIM-like motif to recruit ERK1/2 pro-
teins by a docking mechanism mediated by the common dock-
ing domain in ERK1/2. ERK proteins that are mutated in the
conserved docking domain become insensitive to DEP-1
de-phosphorylation. Overall this study provides novel insights
into the anti-proliferative role of this phosphatase and proposes
anew mechanism that may also be relevant for the regulation of
density-dependent growth inhibition.

DEP-1* (also known as CD148, HPTP%, and PTPR]) is a class
III receptor protein-tyrosine phosphatase, characterized by
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eight fibronectin type III repeats within the extracellular
domain, a trans-membrane region, and a single cytosolic cata-
lytic domain (1, 2). DEP-1 is expressed in all human hematopoi-
etic cell lineages and was shown to negatively regulate T cell
activation. In addition, several epithelial cell types display
DEP-1 on their cell membranes (3). Homozygous DEP-1
mutant mice die before embryonic day 11.5, displaying severe
defects in vascular organization (4). Interestingly, DEP-1
expression levels were found to augment with increased cell
density (2), suggesting a role for this tyrosine phosphatase in
sensing cell-cell contacts and in density-dependent growth
inhibition (5). Moreover, accumulating evidence supports a
prominent role for DEP-1 as a tumor suppressor as it negatively
regulates cell proliferation and is poorly expressed in many can-
cer cell lines (6 —10). The observed anti-proliferative effect may
be accounted for by the ability of DEP-1 to down-regulate
growth factor signaling through the dephosphorylation of
various receptor tyrosine kinases, such as PDGFR, VEGFR2,
and MET (11-13), resulting in quenching of the downstream
RAS-MAPK pathway. However, given the complex pleiotro-
pic functions of DEP-1, it is also possible that additional
regulatory circuits mediated by yet unknown DEP-1 sub-
strates may play a functional role in contact inhibition and
control of cell proliferation.

A variety of in vivo and in vitro approaches has led us to
propose a number of DEP-1 substrates as mediators of its func-
tion. These include PDGFR, p120 catenin (CTND1), hepato-
cyte growth factor receptor, SRC kinase, VEGFR2, phospha-
tidylinositol 3-kinase regulatory subunit « (P85A), and RET
receptor kinase (5, 11-16).

Here we report a novel, unbiased strategy based on the
screening of high density phosphopeptide arrays for their abil-
ity to bind phosphatase trapping mutants. A large portion of the
phosphoproteome could be explored by this approach, thus
unveiling a long list of potential substrates. A selected list of
potentially relevant substrates has been obtained by applying

lated kinase; MEK, MAPK/ERK kinase; EGF, epidermal growth factor;
VEGFR2, vascular endothelial growth factor receptor 2; PDGFR, platelet-
derived growth factor receptor; PBS, phosphate-buffered saline; HEK,
human embryonic kidney; GST, glutathione S-transferase; PTP, protein-
tyrosine phosphatase; TRITC, tetramethylrhodamine isothiocyanate; KIM,
kinase interaction motif; sShRNA, short hairpin RNA; CD, common docking.
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a bioinformatics context filter. In this study we report the
detailed characterization of one of these substrates, and we
propose that DEP-1 modulates the RAS pathway by directly
dephosphorylating Tyr-204 of ERK1/2. In addition, we show
that the efficient removal of the phosphate group from Tyr-
204 requires the integrity of a docking site on the ERK1/2
proteins.

EXPERIMENTAL PROCEDURES
Reagents

Antibodies— Anti-hemagglutinin (HA) and anti-FLAG were
from Sigma; anti-DEP-1, anti-SRC, and anti-tubulin were from
Santa Cruz Biotechnology; anti-ERK1/2(P), anti-ERK1/2, anti-
MEK(P), anti-MEK, anti-p38(P) and anti-p38 were from Cell
Signaling, and anti-4G10 was from Upstate Biotechnology, Inc.
Peroxidase-conjugated anti-rabbit, anti-mouse secondary anti-
bodies were from Jackson ImmunoResearch, and anti-mouse
TRICT was purchased from Molecular Probes.

Plasmids—pRSa DEP-1WT/HA, pRSa DEP-1CS/HA, pRS«a
DEP-1DA/HA, and pRSa DEP-1ACy/HA were kindly provided
by Dr T. Takahashi. The pGEX-4TK expression plasmids cod-
ing for the fusion proteins GST-PTPs (PTP1B, TC-PTP,
MEG-2, MEG-1, FAP-1, LYP-1, PTPH1, PEST, DEP-1, SAP-1,
LAR, PTPB, PTP«, SHP1, and SHP2) were kindly provided by
Rob Hooft van Huijsduijnen. PMV rat HA-ERK2 plasmid was
donated by Dr. Tartaglia (17); cDNA encoding SRC Y527F was
cloned in pSGT (18). The full-length TC-PTP was cloned in
p3XFLAG-CMV14 vector (Notl/BamHI). The two shRNA
constructs directed against DEP-1 transcript were from Ori-
Gene Technologies (TI340203-4). The expression plasmid
p3XFLAG-CMV7.1 coding for rat FLAG-ERK2 was kindly
donated by Prof. Cobb (19). The FLAG-ERK2 D319A and HA-
DEP-1 K1016A mutants were generated by site-directed
mutagenesis using the QuikChange kit (Stratagene).

GST Fusion Proteins

After transformation, colonies of Escherichia coli BL21
Rosetta containing the indicated GST fusion proteins were
used to inoculate LB cultures with 100 pg/ml ampicillin and
chloramphenicol. Cultures were grown at 37 °C until an Ay, of
0.5 was reached. Protein expression was at 30 °C for 4 h after the
addition of isopropyl 1-thio-f-p-galactopyranoside at a final
concentration of 100 um. Pelleted bacteria were resuspended in
lysis buffer (50 mm Tris, pH 8.0, 5 mm EDTA, 0.1% Triton
X-100, 150 mm NaCl) plus a 250 mM proteinase inhibitor mix-
ture (Roche Applied Science) and lysed by treatment with
lysozyme (200 ug/ml final) for 1 h on ice followed by three
rounds of sonication. The lysates were clarified by spinning at
14,000 rpm for 20 min and bound to glutathione-Sepharose
beads (Amersham Biosciences) at 4 °C for 1 h. Finally, beads
were extensively washed in phosphate-buffered saline (PBS)
with 100 mwm dithiothreitol, and the PTPs were eluted in 50 mm
Tris, pH 8.0, with 10 mm glutathione. Glycerol was added to a
final concentration of 20%; the amount of proteins produced
was determined with a Bio-Rad protein assay, and aliquots were
stocked at —80 °C until use.
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Peptide Arrays

A chip containing ~6000 phosphopeptides in three repeated
subarrays was used.” To choose the peptides to be synthesized
and printed, we first downloaded from Phospho-ELM (20) 1604
phosphorylated peptides that have been identified in high and
low throughput experiments with the aim to characterize the
phospho-proteome in Homo sapiens. To this list we added 4453
peptides that had a high score according to the NetPhos predic-
tive algorithm (21). Each chip contains three identical repli-
cated arrays (subarray), and each subarray contains the phos-
phorylated peptides and several control spots arranged in a grid
of 6400 positions. As shown in the Fig. 1, each peptide main-
tains the same grid position in the three subarrays. The peptides
were synthesized and arrayed by Jerini Peptide Technology
according to their proprietary technology. After 1 h of blocking in
5% PBS/bovine serum albumin, the phosphopeptide array was
incubated with 1 ug/ml GST-DEP-1. The chip was washed in PBS
and incubated at 1:1000 with anti-GST Cy-5-conjugated antibody
(Amersham Biosciences) avoiding light exposure. The chip was
extensively washed in PBS, and fluorescence intensity was revealed
with ScanArray Gx Plus (PerkinElmer Life Science).

Cell Culture, Transfection, and EGF Stimulation

Human embryonic kidney (HEK)293 cells and human epi-
thelial carcinoma (HeLa) cells were purchased from the ATCC.
Cells were maintained in a humidified atmosphere at 37 °C and
5% CO, in Dulbecco’s modified Eagle’s medium (Invitrogen),
supplemented with 10% fetal bovine serum (Sigma) and 0.1%
penicillin/streptomycin (Invitrogen). HEK293 cells were trans-
fected with Lipofectamine 2000 (Invitrogen) according to man-
ufacturer’s protocol. After 5 h of starvation in fetal calf serum-
free media, cell were stimulated with 100 ug/ml EGF
(Invitrogen) for the indicated time.

Pulldown Assay

After EGF stimulation, confluent HeLa cells were washed
with ice-cold PBS and lysed in RIPA buffer (150 mm NaCl, 50
mMm Tris-HCI, 1% Nonidet P-40, 0.25% sodium deoxycholate)
supplemented with 1 mm pervanadate, 1 mm NaF, protease
inhibitor mixture 200X (Sigma), inhibitor phosphatase mix-
ture I and I 100X (Sigma). The samples were kept on ice for 30
min and centrifuged at 15,000 rpm at 4 °C for 30 min. The
supernatant was collected, and the total amount of protein was
determined by Bradford colorimetric assay (Bio-Rad). The
whole cell lysates were incubated with 50 ug of the indicated
GST fusion protein at 4 °C for 1 h. Thus glutathione-Sepharose
4B beads were blocked by incubating with 3% bovine serum
albumin with rocking at 4 °C for 1 h, and then after centrifuga-
tion for 3 min at 4000 X g, at 4 °C, the dry beads were bound to
lysates mixed with GST fusion proteins at 4 °C for 1 h. The
supernatant was discarded by centrifugation, and the beads
were washed six times with lysis buffer for 3 min at 4000 X g, at
4°C, and then the dry beads were resuspended in 50 ul of 3X

5 M. Tinti, S. Costa, L. Kiemer, M. Miller, F. Sacco, J. Olsen, M. Carducci, S.
Paoluzi, C. Workman, N. Blom, K. Machida, C. Thomson, M. Schutkowski,
S.Brunak, M. Mann, B. Mayer, L. Castagnoli, and G. Cesareni, manuscript in
preparation.
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FIGURE 1. Strategy to identify putative candidate DEP-1 substrates involved in the MAPK pathway. The trapping mutant D1205A of the catalytic domain
of DEP-1 was challenged with a library of 6400 tyrosine-phosphorylated peptides. The chip regions from the three array repeats containing the phosphorylated
(Tyr-204) 13-mer in the ERK1/2 activating loop (spot circled in yellow) were enlarged to demonstrate experimental reproducibility.

SDS sample buffer, boiled for 10 min, and analyzed by SDS-
PAGE and Western blotting on nitrocellulose membrane.

In Vitro Dephosphorylation Assay

HEK293 cells were transfected with SRC and HA-ERK2
expression plasmids. Cells were collected and lysed in RIPA
buffer containing 1 mm pervanadate, 1 mm NaF, protease inhib-
itor mixture 200X (Sigma), inhibitor phosphatases mixture I
and II 100X, and supernatants were clarified by spinning at
15,000 rpm, at 4 °C, for 30 min. Lysates were immunoprecipi-
tated with antibody anti-HA overnight at 4 °C, and then protein
A-Sepharose beads were added and incubated for 1 h at 4 °C.
After washing with lysis buffer, the dry beads were incubated
with 1 ug of the indicated GST fusion protein in reaction buffer
for 15 or 30 min. For the vanadate competition assay, 1 mm
Na;VO, was added to PTPase assay buffer. The immunopre-
cipitates were separated by SDS-PAGE, transferred to nitrocel-
lulose membrane, and immunoblotted with antibodies. The
catalytic activity of the fusion proteins was checked using p-ni-
trophenyl phosphate assay. The reaction was stopped by adding
2 M NaOH, and the enzymatic activity was monitored by meas-
uring the absorbance at 405. The enzyme activity (wmol/min/
png) was calculated from Beer-Lambert law.

Immunoprecipitation and Inmunoblot Analysis

HEK293 cells were lysed as described previously. The whole
cell lysates were incubated with antibodies overnight at 4 °C,
and then protein A-Sepharose beads were added and incubated
for 1 h at4 °C. The beads were washed with lysis buffer, and the
immunoprecipitated proteins were separated by SDS-PAGE,
transferred onto a nitrocellulose membrane, and immuno-
blotted with antibodies. The immunoreactions were visualized
using ECL detection system (Amersham Biosciences).

22050 JOURNAL OF BIOLOGICAL CHEMISTRY

Fluorescence Microscopy

HEK?293 cells plated onto glass coverslips at ~50% conflu-
ency were cotransfected using Lipofectamine with pRSa DEP-
1WT/HA and pEGFP-C1 (Clontech). 24 h following transfec-
tion cells were fixed for 10 min in 4% paraformaldehyde (EM
Sciences), washed with PBS, 0.5% Triton X-100, and permeabi-
lized with the blocking solution (0.1% Triton 10% fetal calf
serum) for 30 min. Coverslips were incubated in humidified
chambers, in blocking solution, with anti-DEP-1 antibody for
1 h at room temperature. Cells were rinsed in PBS and stained
with anti-mouse TRITC antibodies for 30 min at room temper-
ature. Cells were stained with 4’,6-diamidino-2-phenylindole
in PBS, 0.1% Triton for 5 min at room temperature. Coverslips
were mounted on slides as described and analyzed by indirect
immunofluorescence microscopy Leica DMR.

Data Base Submission

The interactions described in this study have been submitted
to the MINT data base (22) following the MIMIX recommen-
dations (23).

RESULTS

Identification of Tyr-204 of ERK1/2 Proteins as Potential Sub-
strate of DEP-1 Phosphatase—To investigate the enzymatic
specificity of DEP-1 and to define its substrate landscape, we
purified the trapping mutant phosphatase enzymatic domain as
a GST fusion, and we probed it with a library of ~6,000 tyro-
sine-phosphorylated peptides arrayed on a glass surface. After
measuring phosphatase binding with an anti-GST antibody
conjugated to a fluorophore, we defined “DEP-1 putative tar-
gets” as the 215 peptides with a signal intensity larger than the
median signal plus two standard deviations (Fig. 1). This rela-
tively large list of putative DEP-1 substrates was mapped onto
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the MAPK pathway, as annotated in the KEGG data base (24),
and only peptides whose in vivo phosphorylation could be sup-
ported by experimental evidence in the Phosphosite data base
(25) were considered. Using this filtering procedure, we re-dis-
covered PDGFR, a known DEP-1 substrate (11), and we
inferred seven new putative substrates (EGF receptor, GRB2,
RAF-1, ERK1/2, AKT, FLNA, and JIP3).

In this study we focused on the " TGFLTEpYVATRWY>'®
peptide shared by ERK1/2 proteins, as previous experimental
evidence had already revealed a negative correlation between
DEP-1 expression and ERK1/2 activation in tumor cell lines and
in response to different growth stimuli (11-13). Validation of
the remaining inferred substrates is hampered by the presence
of multiple phosphorylated tyrosine residues and requires the
development of reagents to specifically monitor their phospho-
rylation levels.

DEP-1 Trapping Mutant Specifically Binds Phosphorylated
ERK1/2 Proteins—The results of the array experiment suggested
that the DEP-1 trapping mutant binds the ERK1/2 peptide con-
taining Tyr-204 in its phosphorylated form. To confirm this
interaction in a full-length protein and cellular context and to
assess its specificity, we performed a pulldown assay with 15
trapping mutants of different PTPs. As shown in Fig. 24, DEP-1
can efficiently bind ERK1/2, whereas other phosphatases bind
to different phosphorylated proteins but cannot affinity purify
ERK1/2. Interestingly SAP-1, whose amino acid sequence is
related to DEP-1, also binds ERK1/2.

Next, to exclude that the observed interaction could occur
outside the PTP catalytic pocket, we compared two pulldown
experiments using as a bait the wild type or the trapping mutant
version of the catalytic domain of DEP-1 (Fig. 2B). Only the
trapping mutant could be shown to bind to ERK1/2 proteins
providing further support to the notion of a direct interaction of
phosphorylated ERK1/2 and the catalytic site of the DEP-1
phosphatase. To demonstrate that the observed binding is
dependent on the phosphorylation of Tyr-204, we performed
the pulldown experiment at different times after EGF induc-
tion. The observation that the amount of affinity-purified
ERK1/2 is proportional to Tyr-204 phosphorylation levels, as
probed with a specific antibody recognizing the phosphorylated
Tyr-204, indicates that the interaction occurs only when
ERK1/2 is phosphorylated in the activation loop (Fig. 2, C and
D). The association of phospho-ERK1/2 proteins with the
DEP-1 trapping mutant but not with the wild type catalytic
domain implies that ERK1/2 is a substrate of DEP-1 enzymatic
activity. To investigate whether purified ERK1/2 can be
dephosphorylated in vitro by this phosphatase, the same
amount of purified DEP-1 and PTPB wild type catalytic
domains were incubated with immunoprecipitated ERK2, after
co-expression with a constitutively active SRC kinase in
HEK293 cells. Although the two enzymes have the same activity
on a generic synthetic substrate (Fig. 34), only DEP-1 dephos-
phorylated ERK2 in a time-dependent manner (Fig. 3, Band C).
These results taken together are consistent with DEP-1 phos-
phatase directly and specifically targeting the phosphorylated
Tyr-204 in ERK1/2.
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FIGURE 2. DEP-1 specifically binds and dephosphorylates ERK1/2 pro-
teins. A, GST fusion proteins of several tyrosine phosphatase trapping
mutants were incubated with a protein extract of HeLa cells induced with EGF
for 5 min. Affinity-purified phosphatase ligands were separated by SDS-PAGE
and transferred onto cellulose membranes. The blots were revealed with anti-
phosphotyrosine antibody (WB: a-4G10). The cell lysate (input) and the sam-
ple affinity-purified with the GST protein (GST) were used as controls. The
same samples were revealed with the anti-ERK1/2 (WB: a-ERK1/2) and the
anti-phospho-ERK1/2 (WB: a-ERK1/2(P)) antibodies. B, HeLa cells were starved
and treated with EGF for 5 min. After cell lysis, the protein extract was incu-
bated with GST and with GST fused the to the wild type (WT) catalytic domain
of DEP-1 (DEP-1 WT) or to a mutant variant carrying the D1205A mutation in
the catalytic pocket (DEP-1 D/A). The interacting proteins were affinity-puri-
fied over glutathione-agarose beads, separated by SDS-PAGE, and visualized
by immunoblotting with anti-phosphotyrosine (a-4G10), anti-ERK1/2
(a-ERK1/2), and anti-phosphorylated ERK1/2 (a-ERK1/2(P)) antibodies recog-
nizing phospho-Tyr-204. C, after starvation (0 min), HeLa cells were incubated
for 5, 10, and 30 min with EGF. Protein extracts were separated by SDS-PAGE
and transferred onto a nitrocellulose membrane. The blot was incubated with
anti-phospho-Tyr-204-ERK1/2  (WB: «-ERK1/2(P)) and anti ERK1/2 (WB:
«-ERK1/2) antibodies. Equal gel loading was assessed by re-probing with anti-
tubulin (WB: a-tubulin). D, protein extracts were incubated with the DEP-1
trapping mutant expressed as a GST fusion (DEP-1 D/A). Affinity-purified pro-
teins were analyzed by SDS-PAGE and revealed with anti-phospho-ERK1/2
(WB: a-ERK1/2(P)) and anti ERK1/2 (WB: a-ERK1/2).

ERK1/2 Proteins Are Directly Dephosphorylated by DEP-1 in
Intact Cells—Next we asked whether ERK1/2 dephosphoryla-
tion by DEP-1 could also occur in vivo. To this end, HEK293
cells were transiently transfected with an HA-tagged construct
directing the expression of full-length DEP-1 phosphatase.
Similar transfections were carried out with mutant versions of
DEP-1 carrying single substitutions in the catalytic site
(D1205A or C1239S trapping mutants) or a deletion of the
entire cytoplasmic domain (ACy). The transfected cell cultures
were stimulated for 5 min with EGF to induce ERK1/2 protein
phosphorylation. As shown in Fig. 4, wild type DEP-1 overex-
pression remarkably reduced Tyr-204 phosphorylation levels
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FIGURE 3. DEP-1 directly dephosphorylates ERK1/2 in vitro. A, DEP-1 and
PTPB wild type catalytic domains were incubated with p-nitrophenyl phos-
phate substrate in assay buffer. The increase in the absorbance at 405 was
plotted, and the specific activity of the two PTPs were calculated from the
slopes of the straight lines and the Beer Lambert law. B, HEK293 cells were
transiently co-transfected with 5 g of DNA of an expression plasmid direct-
ing the synthesis of the Y527F constitutively active mutant of the SRC kinase
and with a second expression plasmid for HA-ERK1/2. After cell lysis, the pro-
tein extract was immunoprecipitated with the anti-HA antibody. The beads
were washed with lysis buffer and treated (+) or not (—) with 1 mm sodium
pervanadate (PV) to inhibit phosphatase activity. The anti-HA immunopre-
cipitate (IP) was incubated with 1 g of GST, GST-DEP-1 wild type, and GST-
PTPB wild type for the indicated times at 37 °C in assay buffer. The tyrosine
phosphorylation level of ERK2 was analyzed by immunoblotting using anti-
phosphotyrosine antibody (a-4G70) and anti-HA antibody (a-HA). C, relative
quantitations of the phospho-ERK1/2 signal versus total ERK1/2 were plotted
and represented as bar graph.

without affecting the activation of the upstream kinase MEK, as
measured with antibody specific for the phosphorylation of the
MEK activation loop. By contrast, the DEP-1 C1239S and ACy
mutants did not affect ERK1/2 or MEK phosphorylation levels.
Moreover, the overexpression of a third DEP-1 mutant carrying
an Asp-1205 to Ala substitution (D/A trapping mutant)
increased ERK1/2 kinase phosphorylation acting as a dominant
negative effector. Presumably, the stable association between
trapping mutant phosphatase and its substrate prevents
ERK1/2 dephosphorylation by cellular wild type DEP-1 or other
phosphatases. These results suggest that DEP-1 directly inacti-
vates ERK1/2 in a RAS-MEK independent manner.
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FIGURE 4. DEP-1 directly dephosphorylates ERK1/2 in vivo. HEK293 cells
were transiently transfected with full-length wild type (WT) DEP-1 or with its
catalytic mutants (D/A; C/S; ACy). The transfected cultures were incubated
with EGF, and aliquots were sampled at time 0 and after 5 min. After cell lysis,
whole protein extracts were analyzed by SDS-PAGE and probed by Western
blotting with an anti-phosphotyrosine antibody (WB: a-4G10). Transfection
efficiency was assessed by revealing the blot with antibodies anti-DEP-1
(a-DEP-1) and anti-tubulin (a-tubulin). The phosphorylation levels of the
ERK1/2 proteins were monitored by probing with anti-phospho-ERK1/2
(a-ERK1/2(P)) and anti-ERK1/2 (a-ERK1/2) antibodies. The activation levels of
the MEK1/2 kinases were observed by immunoblotting with anti-phospho-
MEK (a-MEK(P)) and anti-MEK (a-MEK) antibodies.

Because DEP-1 is known to suppress the activity of various
growth factor receptors by direct de-phosphorylation (11, 13),
we also analyzed the DEP-1/ERK1/2 interaction in a growth
factor independent experimental system. To enhance ERK1/2
protein phosphorylation, HEK293 cells were transiently
co-transfected with the constitutively active mutant of SRC
tyrosine kinase (Y527F) and with expression plasmids coding
for wild type or substrate trapping mutants (C/S or D/A) of the
DEP-1 phosphatase. As shown in Fig. 54, DEP-1 overexpres-
sion resulted in a marked reduction of the phosphorylation lev-
els of ERK1/2 proteins, whereas ERK1/2 phosphorylation was
not affected by DEP-1 C/S, and it was remarkably increased by
the DEP-1 D/A trapping mutant. The inactivation of ERK1/2
proteins in c-SRC-transfected cells was not observed upon TC-
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FIGURE 5. DEP-1 dephosphorylates ERK1/2 in SRC-activated cell lines.
A, HEK293 cells were transiently co-transfected with full-length HA-DEP-1 or
with its inactive mutants (D/A or C/S) and with 5 ug of Y527F SRC kinase
(constitutively activated) expression plasmid. Tyrosine phosphorylation lev-
els in whole protein extracts were analyzed by immunoblotting with anti-
4G10antibody (a-4G10). Transfection efficiency was assessed with anti-DEP-1
and anti-SRC (a-DEP-1; a-SRC) antibodies. Equal gel loading was assessed by
re-probing with anti-tubulin antibody (a-tubulin). The phosphorylation pro-
file of ERK1/2 proteins was analyzed by immunoblotting with anti-phospho-
ERK1/2 (a-ERK1/2(P)) and anti-ERK1/2 («-ERK1/2) antibodies. B, HEK293 cells
were transiently co-transfected with 5 ug of Y527F SRC kinase and with
expression plasmids coding for full-length wild type (WT) TC-PTP. The tyro-
sine phosphorylation profiles of whole cell lysates were analyzed by immu-
noblotting with anti-phosphotyrosine antibody (WB: a-4G10). The transfec-
tion efficiency of SRC and TC-PTP was verified by revealing the lysates with
the correspondent antibodies (WB: a-SRC; a-TC-PTP). Equal gel loading was
assessed with anti-tubulin (WB: a-tubulin). The phosphorylation level of
ERK1/2 proteins was analyzed with anti-phospho-ERK1/2 (a-ERK1/2(P)) and
anti-ERK1/2 (a-ERK1/2) antibodies.

PTP overexpression (Fig. 5B) confirming the selective dephos-
phorylation of ERK1/2 kinases by DEP-1.

To assess whether down-regulation of endogenous DEP-1
levels would have any effect on ERK1/2 activation, we tran-
siently transfected HeLa cells with two interfering shRNA con-
structs targeting different sites on the phosphatase transcript.
After 5 min of EGF induction, the decrease in DEP-1 expression
was assessed by immunoblot (Fig. 6). Consistent with the
observed decrease in activated ERK under conditions of DEP-1
overexpression, cells transfected with DEP-1 shRNA con-
structs showed a sustained ERK1/2 phosphorylation when
compared with cells transfected with a shRNA plasmid target-
ing an unrelated sequence. The fraction of activated MEK was
comparable in the two conditions (Fig. 6). These results are
consistent with the DEP-1 phosphatase directly targeting the
ERK1/2 kinases.

DEP-1 Interacts with ERK1/2 via a Conserved Docking Site—
To explore whether ERK1/2 form a physical complex with
DEP-1, HEK293 were transfected with HA-tagged DEP-1. After
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FIGURE 6. DEP-1 depletion increases ERK1/2 activation. Hela cells were
transiently transfected with two different shRNA plasmids targeting the
DEP-1 transcript (lanes 1 and 2) or with a scramble shRNA (S) as a negative
control. After incubation with EGF, lysates were analyzed by immunoblot
with anti-4G10 antibody (a-4G10). Knockdown expression of DEP-1 was
assessed with anti-DEP-1 and anti-tubulin antibodies (a-DEP-1; a-tubulin).
The phosphorylation levels of the ERK1/2 proteins were monitored by prob-
ing with anti-phospho-Tyr-204-ERK1/2 (a-ERK1/2(P)) and anti-ERK1/2
(a-ERK1/2) antibodies. The activation levels of the MEK1/2 kinases were
observed by immunoblotting with anti-phospho-MEK (a-MEK(P)) and anti-
MEK (a-MEK) antibodies.

lysis and immunoprecipitation with anti-HA antibody, phos-
phorylated ERK1/2 was found to associate strongly with the
DEP-1 D/A trapping mutant and, to a much lesser extent, with
the wild type and the C/S phosphatase mutant (Fig. 7A). Inter-
estingly, some significant association was also observed with
the wild type and D/A trapping mutant in conditions where
ERK1/2 is not phosphorylated. By contrast GRB2, a second
DEP-1 target predicted by our approach, only formed a com-
plex with the D/A trapping mutant when the cells were stimu-
lated with EGF. As shown in Fig. 7B, the interaction between
DEP-1 and ERK1/2 can be detected at endogenous expression
levels in HeLa cells, in the absence of EGF. Taken together these
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FIGURE 7. DEP-1 interacts with ERK1/2 in mammalian cells. A, HEK293 cells
were transiently transfected with full-length DEP-1 phosphatase or with its cata-
lytic mutants (D/A; C/S) and were stimulated with EGF for 5 min. Aliquots were
sampled at times 0 and 5 min, and after cell lysis, whole protein extracts were
immunoprecipitated with anti-HA antibody. The beads were washed with
lysis buffer, and the immunoprecipitation (/P) was revealed with anti-HA (WB:
a-HA), anti-phospho-ERK1/2 (WB: a-ERK1/2 (P)), anti-ERK1/2 (WB: a-ERK1/2),
and anti-GRB2 antibodies. B, lysates of HelLa cells transiently transfected with
full-length DEP-1 wild type (WT) and not transfected (NT) were induced with
EGF for 5 min and immunoprecipitated with anti-DEP-1 antibody. The immu-
noprecipitation (/P) was revealed with anti-DEP-1 (WB: a-DEP-1), anti-phos-
pho ERK1/2 (WB: a-ERK1/2 (P)), and anti-ERK1/2 (WB: a-ERK1/2).

A Flag-ERK2: WT D319A

B Flag-ERK2: WT

results are consistent with the presence of an ERK1/2 docking
site in the intracellular domain of DEP-1. In the D/A trapping
mutant this complex was stabilized by the synergic interaction
of the inactive “trapping” catalytic domain with the target phos-
phopeptide in the ERK1/2 proteins.

As reported in the literature, the common docking (CD)
domain of ERK1/2 proteins directly interacts with the KIM
motif of several phosphatases (HE-PTP, STEP, PTP-SL, MKP3,
and MKP4), kinases (MEK1 and MEK?2), and substrates (SAP1,
ELK1, RSK, and LIN) (26, 27). To test whether such a docking
site was acting as a receptor for DEP-1, HEK293 cells were
transiently co-transfected with plasmids expressing DEP-1 and
rat ERK2. In parallel, a transfection was carried out with an
ERK2 mutant carrying the D319A substitution, a mutation in
the CD domain that impairs binding to the KIM domain of the
MKP3 phosphatase (28). After cell lysis, whole protein extracts
were immunoprecipitated with anti-FLAG or anti-HA antibod-
ies to recover ERK2 and DEP-1 together with the associated
proteins, respectively (Fig. 84). As shown in Fig. 8B, differ-
ently from wild type, the D319A ERK2 mutant is not dephos-
phorylated by DEP-1. Moreover the interaction between
DEP-1 and the ERK2 protein is impaired by the D319A
mutation, suggesting that this binding is mediated by a puta-
tive KIM motif contained in the cytoplasmic domain region
of the DEP-1 phosphatase.

As shown in Fig. 94, the DEP-1 positively charged peptide
POBBIKPKKSKLIRVE'®?* in the juxtamembrane region has
some resemblance to the KIM domain sequence motif. To
investigate the involvement of this region in ERK1/2 recruit-
ment, HEK293 cells were transiently transfected with a DEP-1
mutant carrying a substitution in one of the residues of the
putative KIM domain (K1016A). Because the mutation is close
to the trans-membrane region, we first checked that the mem-
brane localization is not affected by the mutation (Fig. 9D). We
next tested the interaction with ERK1/2, and we observed a
reduction of ~80% as a consequence of the K1016A substitu-
tion, suggesting a prominent role of this residue in the recruit-

ment of ERK1/2 (Fig. 9C). We

D319A observed, however, that the mutated

HA-DEP-1: _NT_WT D/A_ NT WT D/A HA-DEP-1:

NT WT D/A NT WTD/A

DEP-1 phosphatase maintains its

KDa J = " J =
170 - -g DEP-1 170
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ability to dephosphorylate ERK1/2.

This result suggests that the residual

WB: a-HA IP: a-HA; WB: a-HA
" _| S _"_ |ERK2 interaction between DEP-1 K/A and
i S 43‘| St |ERK2 ERK1/2, observed in Fig. 9B, is suf-
Foras IP: a-HA; WB: o-Flag ficient to mediate an efficient
55_| -— — " —— |Tubulin 43_1 o |ERK2 ®) dephosphorylation of the ERK1/2
WB: -Tubulin IP: a-Flag; WB: o-ERK (P) substrates.

We finally asked whether the
43—| |ERK2 KIM motif identified in DEP-1 is
IP: o-Flag; WB: o-Flag specific for the ERK1/2 kinases. To
_I e |DEP 1 this end we tested whether the p38

170 )
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FIGURE 8. DEP-1 forms a complex with ERK1/2 by binding its CD. A, HEK293 cells were transiently transfected
with full-length DEP-1 phosphatase or with its catalytic mutants D/A and were stimulated with EGF for 5 min. After
cell lysis, transfection was assessed by immunoblotting with anti-HA (WB: a-HA), anti-FLAG (WB: a-FLAG), and anti-
tubulin (WB: a-Tubulin) antibodies. NT, not transfected. B, whole protein extracts were immunoprecipitated with
anti-FLAG antibody to purify the wild type (WT) or the Asp-319 mutant of ERK2 and with anti-HA antibody to recover
DEP-1 phosphatase. The beads were washed with lysis buffer, and the immunoprecipitate (/P) was revealed with
anti-FLAG (WB: a-FLAG), anti-HA (WB: a-HA), anti-phospho ERK1/2 (WB: a-ERK1/2 (P)), and anti-DEP-1 (WB: a-DEP-1).

22054 JOURNAL OF BIOLOGICAL CHEMISTRY

MAPK would form a complex with
DEP-1. The results in Fig. 9C dem-
onstrate that neither wild type
DEP-1 nor its mutants co-immuno-
precipitate p38. Accordingly, the
overexpression of DEP-1 WT or its
K1016A mutant did not affect the
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phosphorylation level of Tyr-182 in the activation loop of the
p38 kinase (Fig. 9B).

DISCUSSION

Over the past decade evidence has been accumulating that
DEP-1 is a tumor suppressor that potently inhibits cell prolif-
eration (638, 10, 29). The anti-proliferative role of this phos-
phatase has been correlated with its ability to dephosphorylate
receptor tyrosine kinases, including PDGFR, MET, and
VEGFR2 (11-13). Nevertheless, it could not be excluded that
the inactivation of different DEP-1 substrates, more down-
stream in the MAPK pathway, could play an equivalent or even
more prominent role in regulating cell proliferation. Our phos-
phoproteome-wide screening of DEP-1 targets uncovered
seven new potential substrates, functionally associated with the
RAS-MAPK pathway. Among the putative new substrates,
ERK1/2 attracted our attention because of its central role in
propagating receptor kinase proliferation signals. Here we have

V2o SAN
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FIGURE 9. K1016A substitution in the DEP-1 KIM-like motif strongly impairs ERK1/2 recruitment. 4, align-
ment of ERK1/2 KIM domains. These sites share an N-terminal hydrophobic residue (JH), one or two positively
charged residues (basic), and the @AXDB motif. We identified in DEP-1 phosphatase a similar sequence (mod-
ified from Ref. 27). B, HEK293 cells were transiently transfected with full-length K1016A DEP-1 mutant and with
the wild type (WT) phosphatase. After 5 min of EGF induction, cells were lysed and the transfection efficiency
monitored by immunoblotting with anti-DEP-1 and anti-tubulin antibodies. The phosphorylation levels of the
ERK and p38 MAPKs were monitored by probing the protein extracts with anti-phospho-ERK1/2 (WB: a-ERK1/2
(P)), anti-ERK1/2 (WB: a-ERK1/2), anti-phospho-p38 (WB: a-p38 (P)), and anti-p38 (WB: a-p38) antibodies. NT, not
transfected. C, whole protein extracts were immunoprecipitated with anti-HA antibody to recover DEP-1 pro-
tein. The immunoprecipitated sample (/P) was probed with anti-HA (WB: «a-HA), anti-phospho-ERK1/2 (WB:
«-ERK1/2 (P)), anti-ERK1/2 (WB: a-ERK1/2), and anti-p38 (WB: a-p38). D, HEK293 cells were transiently co-trans-

fected with full-length wild type phosphatase or its mutant K1016A and 3 ug of green fluorescent protein
expression plasmid. After fixation, cells were stained with anti-DEP-1 antibody and analyzed by indirectimmu-

phatase in the modulation of the
EGF pathway (6). Accordingly, we
have found that upon EGF induc-
tion, DEP-1 markedly dephospho-
rylates and inactivates ERK1/2 pro-
teins. This activity was not observed
when a phosphatase-defective C/S
mutant was overexpressed, whereas
the D/A trapping mutant displayed
a dominant negative effect resulting
in ERK1/2 hyper-phosphorylation.
Finally, knocking down the expres-
sion of endogenous DEP-1 by shRNA
also resulted in increased phospho-
rylation of ERK1/2.

Although DEP-1-mediated neg-
ative regulation of the RAS path-
way has been attributed to its abil-
ity to dephosphorylate receptor
tyrosine kinases such as platelet-
derived growth factor, MET, or vas-
cular endothelial growth factor, sev-
eral lines of evidence presented here suggest that the observed
negative regulation of ERK1/2 activity, in our experimental sys-
tem, can be accounted for by a direct dephosphorylation of
Tyr-204 in the activation loop of ERK1/2.

First, we have shown that the DEP-1 D/A trapping mutant
can bind a synthetic 13-mer peptide centered on phosphoryla-
ted Tyr-204 and specifically pulls down ERK1/2 from an EGEF-
activated cell extract. In the same experiment, other phospha-
tase domains, although similar in primary sequence, do not
bind ERK1/2, thereby attesting to the specificity of the interac-
tion (Fig. 2A). Next, purified activated ERK1/2 proteins were
dephosphorylated in vitro by the purified DEP-1 phosphatase
domain (Fig. 3B). These results are consistent with a specific
interaction between the phosphatase domain of DEP-1 and the
Tyr-204 of ERK1/2, which, as a result, is dephosphorylated in
vitro and in vivo (Fig. 4). In addition, we show that the upstream
kinase MEK is not affected by DEP-1 overexpression and deple-
tion, suggesting that the phosphatase activity acts downstream
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FIGURE 10. Growth contact inhibition mediated by the direct interaction of ERK1/2 and the DEP-1 phos-
phatase. According to the illustrated model DEP-1 has two anti-proliferative activities. By binding to inactive
ERK1/2, it sequesters them and limits their activation by integrins and growth factors. In addition it can shut
down ERK activity by directly dephosphorylating it. Cellular confluence increases DEP-1 expression that in

turns inhibits cells proliferation by inactivating ERK1/2.

of MEK (Fig. 6). Consistently, we observe that in an EGF-inde-
pendent experimental system, DEP-1 is able to dephosphoryl-
ate ERK1/2 proteins when they are activated by a constitutively
active SRC kinase (Fig. 5).

Although the level of selectivity of protein-tyrosine phos-
phatases is still being debated, all the experimental systems
that we have used to characterize the interaction between
DEP-1 and ERK1/2 have demonstrated a certain level of
specificity. Among the 15 phosphatases that we have ana-
lyzed, only the trapping mutant catalytic domains of DEP-1
and SAP-1 bind ERK1/2 proteins. Similarly in the in vitro
dephosphorylation test the catalytic region of PTPf, which
shares the highest sequence homology with DEP-1 (31), was
not able to dephosphorylate ERK1/2 proteins in vitro. In
addition, overexpression of TC-PTP did not down-regulate
ERK1/2 phosphorylation in our system. These results, sup-
porting a substantial level of selectivity, are in accord with
the report by Zhang and co-workers (32) showing that
among 11 phosphatases tested, only three enzymes (HE-
PTP, PP2A, and MKP3) were able to dephosphorylate
ERK1/2 proteins in vitro.

Taken together these results suggest that DEP-1 down-regu-
lates the EGF-activated MAPK pathway through a direct and spe-
cific dephosphorylation of Tyr-204 in the activation loop of the
ERK1/2 kinases. Nevertheless, we cannot rule out the possibility
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that DEP-1 phosphatase also acts on
the EGF receptor because the peptide
centered on Tyr-998 gave a signal in
our peptide array screening. EGF
receptor has multiple phosphoryla-
tion sites, and we have not been able
to detect a decrease of receptor tyro-
sine phosphorylation upon DEP-1
phosphorylation by probing with a
generic anti-phosphotyrosine anti-
body (supplemental Fig. 1). We also
attempted to monitor the formation
of complexes with SHC1 and SRC.
Both are predicted to bind to phos-
phorylated Tyr-998 via the Src
homology 2 or phosphotyrosine
binding domains. No difference in the
formation of these complexes with or
without DEP-1 expression was
observed (supplemental Fig. 1). How-
ever, it must be borne in mind that
both proteins have the potential to
bind different phosphotyrosine pep-
tides in the cytoplasmic tail of the
EGEF receptor.

ERK1/2 are key members of
MAPK signaling and are activated
by the phosphorylation on threo-
nine and tyrosine regulatory resi-
dues in the kinase domain activa-
tion loop (33). Protein serine/
threonine phosphatases, as well as
dual specificity phosphatases, are
known to be involved in the inactivation of MAPKs by
dephosphorylating their phosphothreonine and phosphoty-
rosine regulatory residues (34, 35). However, because dephos-
phorylation of the regulatory tyrosine residue is sufficient to
inactivate ERK1/2, a crucial role for protein-tyrosine phospha-
tases has been proposed (36, 37). For instance ERK1/2 proteins
have been shown to be inactivated by HE-PTP in hematopoietic
celllines (32, 38), whereas in neuronal cells they are inhibited by
PTP-SL and STEP (39). Our results add DEP-1 as a physiolog-
ical negative modulator of ERK1/2 activity in epithelial cells
(Fig. 6 and Fig. 7), which is consistent with the established role
of DEP-1 as a tumor suppressor.

A variety of reports have shown that phosphatases have an
intrinsic enzymatic preference and that, when challenged
with different peptide substrates, they display a distinct bias
that is often associated with specific sequence contexts
flanking the phosphotyrosine (40-43). Sequence prefer-
ence, however, cannot fully explain the specificity of in vivo
substrate selection because considerable flexibility exists for
PTPs to recognize phosphopeptides whose sequence devi-
ates from their “ideal” in vitro substrate. Thus, although
enzymatic specificity plays a role in determining substrate
choice, it is by now clear that the phosphatase-substrate
vicinity, mediated by docking domains, contributes to a large
extent to target selection.
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The physiological relevance of our findings is strengthened by
the observation that DEP-1 forms a complex with ERK1/2.
ERK1/2 has evolved a strategy to recruit many of their substrates
or effectors via the CD, the common docking domain, that acts as
a receptor for a positively charged motif, which has been named
KIM (kinase interaction motif) (44). We have demonstrated that
such a docking mechanism is responsible for the formation of a
complex between DEP-1 and ERK1/2 irrespective of the ERK
phosphorylation state. ERK mutated in the conserved aspartate
319 in the CD domain cannot any longer act as a DEP-1 substrate.
Interestingly, a glutamic acid-to-lysine substitution at codon 322
(E322K) in the CD domain of ERK2 has been reported to result in
constitutively phosphorylated ERK2 in an oral squamous cell car-
cinoma cell line (45). We have identified a positively charged pep-
tide that loosely matches the KIM consensus motif in the juxta-
membrane region of DEP-1. Its involvement in ERK1/2
recruitment was proven by mutating Lys-1016 into an Ala and by
showing that its interaction with ERK is decreased by ~80%. This
decrease, however, is not sufficient to abolish the dephosphoryla-
tion of ERK following DEP-1 overexpression.

The newly identified KIM motif is specific for the ERK CD
domain because the p38 MAPK does not form a complex with
DEP-1 in the same conditions. This observation is consistent
with the report that other PTPs (HE-PTP, PTP-SL, and STEP)
show some level of specificity in their interaction with ERK and
p38 MAPK (44, 46).

It has been suggested that ERK1/2 proteins are activated in
colon cancer cells via recruitment to the plasma membrane by
binding to integrin 86, thus promoting cell proliferation (47).
Because loss or heterozygosity for DEP-1 has been described
previously in about 71% of the cases of colon carcinoma (48), we
propose that in normal cells DEP-1 counterbalances the acti-
vating role of integrins.

Finally, DEP-1 expression is enhanced at high cell density (2).
It has been suggested that DEP-1 plays an important role in
cell-cell contact sensing by forming a complex with p120 (ctn)
at the adherent junctions. Our data point to a possible role for
DEP-1/ERK1/2 interaction in the regulation of density-
dependent growth inhibition (Fig. 10). Growth inhibition by
cell-cell contact is a complex process that requires the coordi-
nated action of several signals mediated by diverse molecules
on the cell surface (49). Heterotropic interaction between up-
regulated gangliosides and up-regulated receptor protein-ty-
rosine phosphatase-sigma on adjacent cells has been proposed
as a key mechanism for growth arrest (50). Because cellular
confluence increases DEP-1 expression, our observation that
DEP-1 can down-regulate the RAS pathway by directly dephos-
phorylating ERK1/2 provides a second putative mechanism
underlying high density growth arrest.
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