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Several receptor protein tyrosine phosphatases (RPTPs) are cell adhesion molecules involved in homophilic
interactions, suggesting that RPTP outside-in signaling is coupled to cell contact formation. However, little is
known about the mechanisms by which cell density regulates RPTP function. We show that the MAM family
prototype RPTPk is cleaved by three proteases: furin, ADAM 10, and y-secretase. Cell density promotes ADAM
10-mediated cleavage and shedding of RPTPk. This is followed by +y-secretase-dependent intramembrane
proteolysis of the remaining transmembrane part to release the phosphatase intracellular portion (PIC) from
the membrane, thereby allowing its translocation to the nucleus. When cells were treated with leptomycin B,
a nuclear export inhibitor, PIC accumulated in nuclear bodies. PIC is an active protein tyrosine phosphatase
that binds to and dephosphorylates (3-catenin, an RPTPk substrate. The expression of RPTPk suppresses
3-catenin’s transcriptional activity, whereas the expression of PIC increases it. Notably, this increase required
the phosphatase activity of PIC. Thus, both isoforms have acquired opposing roles in the regulation of
B-catenin signaling. We also found that RPTPp, another MAM family member, undergoes <y-secretase-
dependent processing. Our results identify intramembrane proteolysis as a regulatory switch in RPTPk

signaling and implicate PIC in the activation of (3-catenin-mediated transcription.

The phosphorylation of cellular proteins on tyrosine resi-
dues is reversible and regulated by the coordinated and com-
peting actions of two enzyme families: protein tyrosine kinases
and protein tyrosine phosphatases (PTPs). The PTP family is
structurally diverse and includes both receptor-like and cyto-
plasmic enzymes. The majority of the receptor PTPs (RPTPs)
contain two catalytic domains: a membrane-proximal domain
(D1), which is responsible for mainly catalysis, and a mem-
brane-distal domain (D2), which contains little or no phos-
phatase activity (45). The extracellular (E) portion exhibits
broad structural variation. The MAM (meprin/A5 glycopro-
tein/PTPmu) family of RPTPs, including RPTPk, -, -p, -\,
and PCP-2, are characterized by the presence of the MAM
domain at their N termini (3, 6, 18, 29, 46). Additional struc-
tural features of the extracellular portions involve one immu-
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noglobulin-like domain and four fibronectin type III domains
which are commonly found in cell adhesion molecules.

Functionally, MAM family RPTPs have been recognized as
homophilic cell adhesion receptors. In fact, when expressed at
the cell surface, the extracellular fragments of the enzymes can
mediate cell aggregation (3, 39). These trans-interactions are
highly specific, i.e., RPTPk proteins interact with only each
other and there is no heterophilic binding between, for in-
stance, RPTPk and RPTPu. Moreover, the expression of
MAM family RPTPs is increased in high-cell density cultures
(11, 12). These observations have led to the proposal that these
enzymes could directly sense cell-cell contact (4, 45) and
thereby mediate contact inhibition of cell growth, a process
that is disturbed in many tumors. Indeed, RPTP« is localized at
sites of cell-cell contact where it associates with B-catenin (11),
which indirectly (via a-catenin) links E-cadherin to the actin
cytoskeleton.

Transmembrane proteases of the ADAM family (containing
disintegrin and metalloprotease domains) have been impli-
cated in the cleavage and shedding of cytokines, cytokine re-
ceptors, growth factors and their receptors, amyloid precursor
protein (APP), cell adhesion molecules, and Notch and its
ligand Delta (41). The exposure of cells to phorbol esters,
calcium ionophores, G protein-coupled receptor ligands, and
high cell densities can induce specific ADAM-mediated shed-
ding events. Receptor proteins with type I membrane orienta-
tion cleaved by ADAMs can further undergo so-called in-
tramembrane proteolysis that has now been identified as a key
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signal transduction pathway in which receptors become pro-
cessed within their transmembrane regions, resulting in the re-
lease of bioactive intracellular signaling fragments. Intramem-
brane cleavage is mediated by the y-secretase complex, which is
composed of presenilin (PS), nicastrin, PEN-2, and APH-1
(13). Presenilins have been demonstrated to mediate the cleav-
age of Notch, APP, low-density lipoprotein receptor-related
protein, cadherins, CD44, the receptor tyrosine kinase ErbB-4,
and other receptors (7, 20). Some released domains, like the
Notch intracellular domain (ICD) or CD44 ICD, can enter the
cell nucleus, where they function as transcriptional coactivators
to initiate the expression of target genes. RPTPs are thought to
initiate tyrosine phosphorylation-dependent signaling at the
cell surface. We have found that RPTPk, after becoming
cleaved by furin, undergoes proteolytic processing via ADAM
10. Notably, cleavage by the sheddase is promoted at a high cell
density. Following this processing step, the transmembrane
product is further cleaved by +y-secretase, resulting in the re-
lease of the phosphatase intracellular portion (PIC) to the
cytoplasm. By taking advantage of recombinant PIC, we ob-
served the localization of this fragment in the nucleus and
demonstrated that it binds to B-catenin. Whereas the great
majority of B-catenin associates with the E-cadherin C termi-
nus and is thus membrane bound, nonjunctional B-catenin can
translocate to the nucleus to activate LEF/TCF transcription
factors (26). Alternatively, when phosphorylated by GSK3R,
cytoplasmic B-catenin is rapidly degraded by the ubiquitin-
proteasome system. Although B-catenin tyrosine phosphoryla-
tion is critically involved in tumor progression (25, 36), its
regulation is poorly characterized. Also, while the molecular
consequences of this phosphorylation are not well understood,
an involvement in the regulation of B-catenin-mediated tran-
scription has been suggested (37). We identify RPTP«k as a
negative regulator of B-catenin tyrosine phosphorylation in
cells and show that PIC retains the ability to dephosphorylate
the protein. We further show that the RPTPk and PIC iso-
forms serve opposing roles in regulating B-catenin-mediated
transcription, with RPTPk as a suppressor and PIC as an
activator.

MATERIALS AND METHODS

Antibodies. Anti-RPTPkJM is a polyclonal antibody raised against the cyto-
plasmic juxtamembrane region of RPTP« (residues 783 to 904). Anti-RPTPkEC
antibody was directed against the whole extracellular portion. Antisera were
processed for affinity purification by using the antigen coupled to CNBr Sepha-
rose. The extracellular fragment of the phosphatase was produced in HEK293
cells and secreted into the cell supernatant. Polyclonal anti-RPTPpJM antiserum
was directed against the juxtamembrane part (residues 773 to 917) of RPTPp.
Polyclonal anti-B-catenin antibody was directed against a glutathione S-transferase
fusion protein containing residues 374 to 781 of human B-catenin. The polyclonal
anti-ERK2 antibody was from Santa Cruz Biotechnology, and the monoclonal an-
tibody anti-hemagglutinin (HA) was obtained from Babco. Polyclonal antibody to
ADAM 15 was raised against the peptide H-CDHSEAQKYRDF-OH coupled to
keyhole limpet hemocyanin. Antibodies directed towards ADAM 10 and ADAM 17
were purchased from Chemicon.

Plasmids. The RPTPk LNTR cleavage-site mutant has been previously de-
scribed (18). The PAE-HA construct was obtained by using the QuikChange
site-directed mutagenesis kit (Stratagene). To this end, nucleotide sequences
5'-AGAGTGGTCAAAATAGCAGG-3' and 5'-TGCTATTTTGACCACTCTG
GATCCCAGGAGAGGCCAAGGAGAGAGGAGCAAG-3’ were used to de-
lete most of the extracellular sequence (RPTPk nucleotide 82 to 2244) and to
fuse the leader peptide sequence to the four-amino-acid extracellular stalk.
PIC-HA (starting at nucleotide 2317) was generated by PCR amplification with
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nucleotides 5'-GGAATTCGCCACCATGATTGTAAAAAAGAGCAAACTT
GCTAA-3" and 5'-CTGAATTCAGAGTCTGAAATTCA-3'. The resulting
EcoRI-EcoRI fragment lacking the extracellular and transmembrane regions
was used to replace the wild-type sequence. PICAJM was generated by PCR
using the primer sequences 5'-GGAATTCGCCACCATGGATCAAAATAGA
GC-3' and 5'-CTGAATTCAGAGTCTGAAATTCATCCTTG-3'. ATG was in-
troduced in front of nucleotide 2722 (amino acid 908 in the RPTPk precursor
sequence) and the resulting EcoRI/EcoRI fragment was used to replace the
corresponding fragment of the RPTPk-HA sequence. PIC-CS1-HA harbors a
C-to-S transition at position C1082 and was generated in the same way as
PIC-HA (see above), except that the RPTPk-CS1 sequence was used as tem-
plate. Enhanced green fluorescent protein (GFP)-PIC, starting with amino acid
774 within the RPTPk sequence, was obtained by PCR using the primer se-
quences 5'-CCGCTCGAGGTATTGTAAAAAAGAGCAAACTTGCT-3" and
5'-CCCAAGCTTCTAAGATGATTCCAGGTACTCC-3'. The fragment was
subcloned into vector pPEGFP-C1 (BD Biosciences Clontech) via Xhol/HindIII.
Constitutive active Src (SrcYF) harbors a transition of tyrosine residue 529 to
phenylalanine.

Biotinylation of cell surface proteins. Cell surface biotinylation was carried out
on transfected cells by using 0.5 mg/ml sulfo-NHS-LC-biotin (Pierce) according
to the manufacturer. RPTPk was immunoprecipitated by an antibody to the
intracellular juxtamembrane part (anti-RPTPxIJM), followed by Western blot
analysis with horseradish peroxidase-conjugated streptavidin (Fig. 1B).

RNA interference. The transfection of 21-nucleotide, small-interfering-RNA
(siRNA) duplexes (Dharmacon) for targeting endogenous genes in Caki-1 cells was
carried out using Lipofectamine 2000 (Invitrogen) and siRNA duplex according to
the manufacturer’s protocol. Cells were assayed 2 days after transfection. Specific
silencing of targeted genes was confirmed by Western blotting. Sequences of the
siRNAs used have been described earlier (10). The pSUPER retro plasmid (Oligo-
Engine) expressing RPTPk siRNA was directed against nucleotides 392 to 412 of the
RPTP«k coding sequence.

Cell culture, transfections, and retroviral infections. All of the cell lines
(American Type Culture Collection) were routinely grown according to the
supplier’s instructions. To analyze cell density-dependent cleavage, MDA-MB-
453 cells and MDA-MB-468 cells were plated at different cell densities for 24 h
in RPMI medium supplemented with Ultroser G serum substitute to prevent the
formation of cell aggregates during the seeding procedure. HEK293 and LoVo
cells were transfected using the calcium phosphate-DNA coprecipitation
method. Transiently transfected HEK293 cells were assayed and lysed 24 to 36 h
after the removal of precipitates. Monoclonal LoVo cell clones stably expressing
furin were obtained after selection in the presence of G418 (500 wg/ml). COS-7
cells were transiently transfected with Polyfect (QIAGEN) according to the
manufacturer’s instructions. Mouse embryonic fibroblasts from ADAM 107/~
mice and respective wild-type animals were generated and characterized as
described previously (38). For retroviral infections, the amphotropic packaging
cell line Phoenix A was transfected with respective pSUPER retro (Oligoengine)
plasmids using calcium phosphate-chloroquine. Thirty-six hours after transfec-
tion, the viral supernatant was collected and used to infect subconfluent target
cells (1 X 10° cells/6-cm dish). Monoclonal ACHN kidney cancer cell lines that
were stably expressing scrambled or RPTPk-directed siRNA were generated by
selecting retrovirally infected cells in medium containing puromycin (1.5 pg/ml)
for 5 days and subsequent clonal separation.

Membrane fractionation. Cells were washed and scraped in phosphate-buff-
ered saline (PBS), pelleted by centrifugation (5 min at 3,500 rpm), and incubated
in hypotonic buffer (20 mM HEPES [pH 7.2], 10 mM KCI, 1.5 mM MgCl,, 0.1
mM EGTA, 5 mM EDTA, 10 mM Na,P,0,, 1 mM phenylmethylsulfonyl fluo-
ride, 0.1 pg/ml aprotinin, 10 mM NaF, 1 mM Na;VO,) for 10 min on ice. Cells
were broken using a Dounce homogenizer (30 strokes), and nuclei were pelleted
by centrifugation (10 min at 3,500 rpm). Nucleus-free supernatant was subjected to
ultracentrifugation at 100,000 X g for 1 h to separate the membrane (pellet) from
the cytosolic fraction (supernatant). The pellet was washed with hypotonic buffer
and solubilized with membrane solubilization buffer, followed by centrifugation
at 100,000 X g for 1 h. The resulting supernatant was termed membrane fraction.

Cell treatment. The furin inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethyl-
ketone (Calbiochem) was included in the incubation mixture at 100 wmol/liter. If
not otherwise indicated, cells were treated with the phenothiazine derivatives
trifluoperazine (TFP), chlorpromazine, promazine, and fluphenazine at a con-
centration of 100 pM. A phorbol ester, phorbol myristate acetate (PMA), and
ionomycin were used at concentrations of 1 and 10 wM. To analyze S3
cleavage, confluent cells were treated with the y-secretase inhibitors DAPT
{N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester} (2 pM)
and L-658458 (5 pM) for 16 h. The inhibition of the proteasome in cells was
achieved by treatment with 5 uM MG132, 5 pM lactacystin, or 5 uM epoxomycin
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FIG. 1. RPTP« is a two-subunit receptor at the cell surface after furin-mediated processing. (A) Scheme depicting the two-subunit structure
of RPTPk. The fragment sizes are indicated. Ig, immunoglobulin. (B) Cell surface-presented RPTPk is a two-subunit enzyme, composed of the
E subunit and the PTP domain-containing P subunit. 293 cells were transfected with wild-type RPTPk and the convertase cleavage site mutant
RPTPk-LNTR, in which the dibasic sequence motif RTKR located in the membrane-proximal fibronectin type III domain was replaced by LNTR.
Cells were surface biotinylated prior to lysis under standard conditions as described in Materials and Methods. RPTPk was immunoprecipitated
by an antibody to the intracellular juxtamembrane part (anti-RPTPxJM), followed by blotting with horseradish peroxidase (HRP)-conjugated
streptavidin. (C) Accumulation of the precursor in LoVo cells that are devoid of functional furin. RPTPk protein was analyzed in a panel of colon
carcinoma cell lines by immunoprecipitation and blotting with anti-RPTP«JM antibody. (D) Stable expression of furin in LoVo cells restores
processing of RPTPk. The phosphatase was immunoprecipitated from two LoVo cell clones stably expressing human furin and from a vector-
transfected clone (mock) for comparison. (E) Purified furin cleaves RPTPk within the membrane-proximal fibronectin type III domain at the
sequence RTKR in vitro. Furin-null, LoVo cell-derived RPTPk was immunoprecipitated and incubated for 1 h at 37°C with phosphate-buffered
saline (PBS) (—), purified recombinant mouse furin (Fu) or purified recombinant furin previously treated with the inhibitor decRVKR-cmk

(Fu+cmk). Abbreviations: o, anti; B, blotting; IP, immunoprecipitation.

for 16 h. Cells were treated with BB-94 (Batimastat) at a concentration of 5 wM.
Following 20 min of BB-94 incubation, TFP was added to cells for 15 min. Cells
were treated with epidermal growth factor (EGF) for 5 min at a final concen-
tration of 200 ng/ml. Anti-RPTPkEC antibody was added to the cell supernatant
for 5, 15, or 30 min at concentrations of 10 pg/ml.

Extract preparation and immunoprecipitation. Cells were lysed, and proteins
were solubilized on ice for 20 min in ice-cold lysis buffer (50 mM HEPES [pH
7.5], 150 mM NacCl, 2 mM EDTA, 10% glycerin, 1% Triton X-100, 10 mM
Na,P,0,, 1 mM phenylmethylsulfonyl fluoride, 0.1 wg/ml aprotinin, 10 mM NaF,
1 mM Na3VO,). Lysates were precleared by centrifugation at 12,500 X g for 20
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min at 4°C. Prior to immunoprecipitation, lysates were adjusted for equal protein
concentrations and the appropriate antibody and protein A-Sepharose were
added to the lysate and incubated for 4 h at 4°C. Precipitates were washed four
times with HNTG buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 10% glycerol,
0.1% Triton X-100), and sodium dodecyl sulfate sample buffer was added.

TCA precipitation. Cells were washed twice with serum-free medium. Follow-
ing cell stimulation or basal shedding, cell medium was centrifuged at 2,000 X g
for 5 min to pellet-detached cells. Afterwards, supernatants were centrifuged at
20,000 X g to remove cell debris and subjected to trichloroacetic acid (TCA)
precipitation. Briefly, samples were mixed with an equal volume of 20% TCA,
incubated on ice for 30 min, and centrifuged for 15 min and supernatants were
carefully removed. Pellets were washed in ice-cold acetone and centrifuged for
10 min, dried, resuspended in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis loading buffer, and heated at 65°C for 3 min.

Immunofluorescence analysis. COS-7 and NIH 3T3 cells were fixed with 4%
paraformaldehyde for 10 min, exposed to 0.2% Triton X-100 in PBS for 10 min,
blocked with PBG (0.5% bovine serum albumin and 0.045% gelatin in PBS) plus
5% goat serum, and then incubated for 2 h with anti-HA or anti-RPTP«xJM
antibody. After being washed three times with blocking buffer, the cells were
incubated for 2 h with fluorescein isothiocyanate-conjugated secondary antibod-
ies (Molecular Probes). Cells were subsequently washed with PBS and mounted
with Fluoromount G (Biozol) for observation. Immunofluorescence slides were
viewed and analyzed using a Leica confocal microscope.

Reporter assays. HCT116 cells were plated on 24-well tissue culture plates
24 h before transfection. Lipofectamine was used to cotransfect cells with 2 ng of
an internal control (pRL-CMV), 100 ng of a reporter construct (pGL3-OT or
pGL3-OF), and the indicated RPTPk expression vectors. pGL3-OT is an im-
proved pTOPFLASH vector and contains an optimized TCF-binding site up-
stream of a luciferase reporter gene, whereas pGL3-OF contains a mutated site
that does not bind TCF. Thirty-six hours after transfection, luciferase activities
were measured and normalized for background Renilla luciferase activities by
using the dual luciferase reporter assay system (Promega). Normalized values
were corrected for nonspecific transcription by subtracting pGL3-OF values.

RESULTS

Furin is required for S1 processing of RPTPk in the secre-
tory pathway. The RPTPk protein consists of two subunits that
are noncovalently attached to each other: the transmembrane
P subunit (100 kDa) that harbors two PTP domains and the
extracellular E subunit (120 kDa) that covers most of the
extracellular sequence (Fig. 1A). Both subunits are generated
from one precursor protein by proteolytic processing at the
dibasic cleavage site (RTKR) located within the membrane-
proximal fibronectin type III domain (11, 18). Surface biotiny-
lation of HEK293 cells transfected with wild-type RPTPk re-
vealed the presence of the two-subunit structure at the cell
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surface (Fig. 1B). In contrast, a cleavage-site mutant, with the
motif RTKR replaced by LNTR, is transported to the cell
surface in the full-length form.

Mammalian subtilisin-like protein convertases (PCs) have
been shown to target dibasic sequence motifs and mediate
constitutive processing of precursor proteins in the frans-Golgi
network. Four of them, namely, furin, PACE4, PC5/6, and
LPC, are ubiquitously expressed, and PC5 has been shown to
mediate the cleavage of RPTPw (5), a closely related phos-
phatase of the MAM family. An analysis of RPTPk protein
expression in colon carcinoma cells revealed that furin-defi-
cient LoVo cells accumulate the precursor (Fig. 1C). Impor-
tantly, LoVo cells do not express functional furin due to mu-
tations in both furin alleles (42, 43) but the expression of active
furin in these cells by stable transfection restored cleavage
(Fig. 1D). Likewise, the precursor was specifically cleaved at
the RTKR site to generate the E and P subunits when recom-
binant furin was added to LoVo cell-derived RPTP«k in vitro
(Fig. 1E). These results demonstrate the involvement of furin
in RPTPk processing in the secretory pathway to generate the
two-subunit receptor. In analogy to the processing of the Notch
protein by furin at the dibasic motif RQRR (27), RPTP«
cleavage at RTKR is hereafter referred to as S1 processing and
RTKR is referred to as the S1 site.

Proteolytic processing of RPTPk at a second site (S2) in-
duced by cell density and trifluoperazine treatment. RPTPs
are thought to be involved in the density-dependent inhibition
of cell growth. For instance, cell treatment with the PTP in-
hibitor vanadate decreased density-dependent growth inhibi-
tion (19). Moreover, membrane fractions derived from dense
cells showed increased PTP activities compared to the activi-
ties of those derived from sparse cells (35). It is therefore not
surprising that the expression of several RPTPs, like DEP-1
(34) and the MAM family members RPTPk (11) and RPTPw
(12), was found to be upregulated in cell monolayers. We
observed a previously undescribed RPTPk-specific product of
75 kDa (hereafter designated PAE to specify the lack of most
of the extracellular portion; see below) that accumulated in
high-density cultures in a panel of breast, renal, melanoma,
and colon carcinoma cell lines (data not shown). For instance,

FIG. 2. Proteolytic processing at a second site (S2 cleavage) results in generation of PAE and shedding of RPTP«k. (A) Mammary carcinoma
cell lines MDA-MB-468 and MDA-MB-453 were seeded at increasing cell densities (10, 50, and 100% [panels and lanes 1, 2, and 3, respectively])
and incubated for 24 h in serum-free medium containing 2% (vol/vol) Ultroser G. RPTPk was immunoprecipitated with anti-RPTPxJM antibody
and analyzed as indicated. (B) MDA-MB-468 cells were seeded at equal cell densities in medium containing 10% fetal calf serum and incubated
for 1, 2, or 3 days (panels 1, 2, and 3, respectively). (C) Time-dependent accumulation of the E subunit in cell supernatants. Conditioned media
were collected from confluent MDA-MB-468 cells at indicated time points and concentrated by TCA precipitation. The E subunit was detected
with antibodies to the extracellular part (anti-RPTPkEC) and the MAM domain of RPTPk (anti-RPTPkMAM). (D) Scheme depicting the
expected fragments generated by cleavage at S1 and S2. The fragment sizes are indicated. (E) Time and concentration dependence of TFP-induced
S2 cleavage and shedding. MDA-MB-468 cells were seeded at confluence, washed, and incubated in serum-free medium. The cells were treated
with 100 wM TFP for different incubation times (left panel) or for 20 min with various concentrations of TFP as indicated (right panel). RPTP«
was immunoprecipitated from cell lysate with anti-RPTP«JM antibody (upper panel). The blot was reprobed with an antibody to the extracellular
part of RPTP«k (anti-RPTPkEC) (middle panel). Conditioned media were collected, proteins concentrated by TCA precipitation and probed with
anti-RPTPkEC antibody (lower panel). (F) PAE is bound to the plasma membrane. 786-O cells were incubated with 100 uM TFP for 30 min and
resuspended in hypotonic buffer. Soluble (S100) and membrane-bound (P100) proteins were separated by membrane fractionation. RPTPk was
immunoprecipitated from both fractions (upper panel). As a control, fractions were analyzed for the soluble protein ERK2 (lower panel). WCL,
whole-cell lysate. (G) Inhibitory effect of the membrane-permeable calcium chelator BAPTA-AM on TFP-induced S2 processing. Cells were
incubated for 2 h with (+) or without (=) 10 uM BAPTA-AM. DMSO, dimethyl sulfoxide. (H) Anti-RPTPkEC antibody treatment of
MDA-MB-468 cells leads to rapid cleavage of endogenously expressed RPTPk. Cells were starved and incubated with or without (—) anti-
RPTPkEC antibody at 10 wg/ml as indicated. Abbreviations: «, anti; B, blotting; IP, immunoprecipitation.
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when MDA-MB-468 and MDA-MB-453 breast carcinoma
cells were incubated at sparse, medium, and high densities for
24 h, the accumulation of PAE was found to be increased in
high-density culture compared to that in low-density culture
(Fig. 2A). In contrast, the expression levels of the precursor
and the P subunit were not markedly affected in these cell
lines. In another approach, cells were seeded at equal densities
and those cells grown for longer times reached higher densities
and, thus, expressed increased levels of PAE as well (Fig. 2B).
Moreover, the E subunit of RPTPk was detected in cell super-
natants derived from confluent cell layers (Fig. 2C), suggesting
that it had been shed from the cell surfaces. We therefore
hypothesized that the generation of PAE and shedding of the
RPTPk extracellular fragment into the cell medium is achieved
by cleavage at an extracellular site close to the membrane that
we named S2 (since it is located downstream of S1). A scheme
depicting the expected products derived from cleavage at Sl
and S2 is shown in Fig. 2D.

The accumulation of PAE was observed when cells were
grown for at least 12 to 24 h at high cell densities (Fig. 2A and
B). We next sought to recapitulate S2 cleavage in a short-term
assay. We therefore tested several compounds that are known
to induce the shedding of cell surface proteins. Surprisingly,
the treatment of renal carcinoma cells with TFP led to rapid
accumulation of PAE (Fig. 2E, upper panel). In MDA-MB-468
cells, the level of this product increased to a lesser extent in the
presence of ionomycin but this effect was not observed in
786-0O cells (see Fig. S1 in the supplemental material). Re-
markably, PMA did not promote cleavage, even though it was
reported to induce the shedding of members of another RPTP
family, RPTP-LAR (leukocyte antigen related), and RPTPo
(1). TFP is one derivative of phenothiazines (see Fig. S2A in
the supplemental material), a class of drugs that are widely
used to control mental disorders like schizophrenia, depres-
sions, and related conditions. Although phenothiazine-derived
compounds are similar in structure, they do not induce S2
processing in general (see Fig. S2B in the supplemental mate-
rial). It thus seems that the ability to induce shedding critically
depends on CF; and Cl substitutions at position 2 on the
hydrophobic phenothiazine ring structure and/or the presence
of piperazine-substituted side chains. TFP-induced S2 process-
ing was found to be time and dose dependent (Fig. 2E). As
expected, cleavage at S2 provoked the release of the E subunit
from cells (Fig. 2E, middle panel), concomitant with the accu-
mulation of this subunit in cell supernatants (lower panel).
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Concordantly, the C-terminal S2 cleavage product PAE re-
mains attached to the plasma membrane (Fig. 2F). These ob-
servations suggest that S2 processing induced by both cell den-
sity and TFP treatment targets the ectodomain of RPTPk,
leading to generation of transmembrane PAE and shedding of
the E subunit.

TFP has been reported as a shedding inducer of several cell
surface receptors (8). One suggested mechanism of TFP action
may involve the rapid increase in the cytoplasmic calcium con-
centration that is thought to be the result of interference with
calmodulin function in cells (47). However, TFP does also
block the dopamine receptor. We therefore asked whether
calcium signaling is involved in the induction of cleavage. In-
deed, the treatment of cells with the membrane-permeable
calcium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM)
partially blocked S2 cleavage (Fig. 2G), whereas BAPTA, a
membrane-impermeable derivative, was not inhibitory (data
not shown). This is in accordance with the observation that
ionomycin at 10 pM induced cleavage at S2 in MDA-MB-468
cells (see Fig. S1 in the supplemental material) but to a much
lesser extent. A simple explanation could be that the increase
in the concentration of cytoplasmic calcium is higher in the
case of treatment with less toxic TFP at 100 M.

After having shown induction of RPTPk S2 cleavage at a
high cell density, we hypothesized that cell contact formation
triggers cleavage. An interesting mechanistic explanation could
be that, at points of cell contacts, there is an increased aggre-
gation of RPTP«k proteins at the cell surface, which in turn could
result in an induction of S2 processing. To test this, we took
advantage of the affinity-purified antibody anti-RPTP«EC, which
was raised against the extracellular portion of the phosphatase
(Fig. 2D). This activating antibody was found to be an appropriate
tool for studying the function of RPTP«k in the cellular context
(see below) (Fig. 6B and C). We hypothesized that, when added
to the cell medium, anti-RPTP«EC antibody could potentially
aggregate the enzyme at the cell surface. Indeed, short-term treat-
ment (5 min) with anti-RPTP«EC antibody caused the accumu-
lation of PAE in MDA-MB-468 cells (Fig. 2H), suggesting that
RPTP aggregation results in the activation and cleavage of the
phosphatase.

ADAM 10 accounts for S2 activity. Furin-mediated process-
ing of RPTPk yields two subunit proteins (Fig. 1). Importantly,
the extracellular subunit (E subunit) accumulated in cell su-
pernatants in response to TFP treatment in a time- and con-

were blotted and probed with anti-HA antibody. Lower panels, detection of shed RPTPk fragments. Conditioned media were collected, and
proteins were concentrated by TCA precipitation and probed with anti-RPTPkEC antibody. Right panel, time course of RPTPk basal shedding
at a high cell density. Transfected COS-7 cells were incubated in serum-free medium for the times indicated in the text. Conditioned media were
processed as described above. (B) Metalloprotease inhibitor BB-94 diminishes S2 cleavage and shedding of RPTPk in 786-O and Caki-1 cells. Prior
to stimulation, cells were washed and serum-free medium was added. Cells were pretreated either with (+) or without (—) the metalloprotease
inhibitor BB-94 (5 wM) or dimethyl sulfoxide (DMSO) and were then stimulated with 100 uM TFP for 15 min. Upper panel, RPTPx was
immunoprecipitated with anti-RPTPxJM antibody. Lower panel, conditioned media were collected, and proteins were concentrated by TCA
precipitation, blotted, and probed with anti-RPTP«EC antibody. (C) ADAM 10 is involved in TFP-induced S2 cleavage. Caki-1 cells were
transfected with siRNA (siR) directed against ADAM 10 (A10), ADAM 15 (A15), and ADAM 17 (A17). After 48 h, cells were treated or not
treated (—) with 100 uM TFP for 15 min. Upper panel, RPTPk was immunoprecipitated with anti-RPTP«JM antibody. Lower panels, specific
silencing of ADAM expression was confirmed by immunoblot analyses of whole-cell lysate with antibodies to ADAM 10, ADAM 15, and ADAM
17. While immature and mature isoforms were detected for ADAM 10 and ADAM 17, no mature isoform was observed for ADAM 15. (D) ADAM
10-mediated cleavage at a high cell density. RPTPk was immunoprecipitated from confluent ADAM 107 and ADAM 107/~ fibroblasts.
Abbreviations: «, anti; B, blotting; IP, immunoprecipitation; WCL, whole-cell lysate.
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centration-dependent manner (Fig. 2E). To demonstrate that
this accumulation is due to cleavage at S2, but not to subunit
dissociation, we transfected wild-type phosphatase and the
furin cleavage-site mutant (LNTR) into COS-7 cells and ana-
lyzed cell supernatants for RPTPk-specific products. Accord-
ing to the scheme shown in Fig. 2D, we anticipated detection
of both the E subunit and the short P subunit-derived extra-
cellular stalk (P stalk). Indeed, both fragments were detected
in response to treatment with TFP for at least 5 min (Fig. 3A,
left lower panel). Basal shedding of the P stalk was also ob-
served, but only after longer incubation periods at high cell
densities (Fig. 3, right lower panel). In contrast, neither TFP-
induced nor basal shedding caused P-stalk accumulation in
medium derived from cells expressing the furin cleavage site
mutant (LNTR). Concordantly, in both cases, the shed LNTR
extracellular fragment is larger than the E subunit. These ob-
servations identify RPTPk shedding as a consequence of cleav-
age at S2.

Membrane-integrated, Zn-dependent proteases of the
ADAM family have been implicated in the shedding of numer-
ous cell surface proteins (41). In order to identify the enzy-
matic activity that is responsible for the processing of RPTPk
at S2, we treated a panel of cell lines with the metalloprotease
inhibitor BB-94. Figure 3B demonstrates that the inhibition of
metalloprotease activity diminished the accumulation of PAE
in cells and concomitantly reduced the amount of shed frag-
ments in cell supernatants. Importantly, BB-94 treatment had
the same effects on basal shedding at a high cell density and led
to accumulation of the P subunit (data not shown). We then
asked for the involvement of individual ADAMs by specifically
reducing their endogenous expressions using the siRNA ap-
proach. Here we chose to target ADAM 10, 15, and 17 since
ADAM 10 has been implicated in the regulation of cell adhe-
sion, ADAM 15 was found to be localized at sites of cell
contacts, and ADAM 17 (TACE) is involved in the majority of
observed shedding events (41). As Fig. 3C shows, S2 processing
was diminished in the case of ADAM 10 knockdown but not by
interfering with the expressions of ADAM 15 and ADAM 17.
Likewise, cleavage was diminished in confluent embryonic fi-
broblasts derived from ADAM 10 knockout mice (38). This
was accompanied by the accumulation of the P subunit in
ADAM 10/~ fibroblasts (Fig. 3D). By contrast, processing
was not affected in embryonic ADAM 17/ fibroblasts (data
not shown). These results demonstrate that ADAM 10 is an
important mediator of RPTPk S2 cleavage in untreated con-
fluent cells and upon stimulation with calmodulin inhibitors.

Presenilin 1-dependent S3 processing of membrane-bound
PAE leads to generation of PIC. In the course of our study, we
tested the effects of a panel of protease inhibitors on RPTP«k
S2 cleavage (data not shown). These studies revealed, however,
that the inhibition of the proteasome with inhibitors MG132
and lactacystin led to the accumulation of an additional iso-
form that we named PIC (phosphatase intracellular portion)
(Fig. 4A). Thus, endogenous PIC levels in cells are low but get
stabilized by the inhibition of the proteasome. PIC is approx-
imately 5 kDa smaller than PAE and is found exclusively in the
soluble fraction (Fig. 4B). In contrast, PAE was detected in
only the membrane preparation. We observed an increased
rate of PAE generation during the fractionation procedure,
which was blocked when BB94 was included in the cell lysate
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(data not shown). This suggests that transmembrane proteases,
such as ADAM 10, may get increased access to the receptor
phosphatase in the membrane fraction and, in this way, may
lead to an increased rate of S2 cleavage (Fig. 4B). More im-
portantly, the observed solubility of PIC indicates that the
transmembrane region was lost in the course of PIC genera-
tion. These findings may suggest the involvement of y-secre-
tase-dependent intramembrane cleavage. In fact, peptide alde-
hydes like MG132 that have been reported to block y-secretase
activity, in addition to the proteasome, caused the accumula-
tion of both PAE and PIC in cells (Fig. 4A) (22). We therefore
investigated whether the generation of PIC out of RPTP« is
dependent on the activity of PS, the catalytic subunit of the
y-secretase complex. To address this, we analyzed the process-
ing of the endogenous phosphatase in embryonic fibroblasts
derived from PS1/PS2 wild-type and knockout mice (Fig. 4C,
left) (16). Indeed, PAE accumulates in PS1~/~ PS2™/~ fibro-
blasts, whereas it becomes further processed in wild-type cells.
Alternatively, the treatment of wild-type cells with the y-secre-
tase inhibitor DAPT led to PAE accumulation. Notably, con-
comitant with the increase in PAE, even in the presence of
specific proteasomal inhibitors like lactacystin and epoxomy-
cin, the generation of PIC was abolished upon interference
with PS activity, i.e., in PS17/~ PS27/~ fibroblasts or in wild-
type cells treated with DAPT (Fig. 4C, middle and right).
Moreover, direct PS-dependent conversion of PAE to PIC was
observed with a previously established in vitro assay for PS-
dependent ICD generation (23, 40; data not shown). RPTP«k
S3 cleavage by +y-secretase also operates in invasive renal car-
cinoma cells as the addition of the +y-secretase-specific inhibi-
tors DAPT and L-685458 resulted in accumulation of PAE
(Fig. 4D). Additionally, RPTP« was transfected into HEK293
cells stably expressing wild-type PS1 or the dominant-negative
mutant PS1 D385N (23). As expected, RPTPk PAE accumu-
lated in cells expressing PS1 D385N (Fig. 4E). These results
conclusively demonstrate the involvement of PS1-dependent
v-secretase in PAE cleavage, resulting in the release of PIC
from the membrane.

To test whether related RPTPs undergo PS-dependent in-
tramembrane proteolysis, we analyzed the endogenously ex-
pressed MAM family member RPTPy. in PS1*/* PS2*/* and
PS1~/~ PS27/~ fibroblasts treated with and without epoxomy-
cin. As shown in Fig. 4F, the absence of PS activity results in
RPTPp PAE accumulation, whereas PS activity is required for
the generation of RPTPw PIC upon inhibition of the protea-
some. Then does RPTPw also become cleaved in a preceding
proteolytic step? RPTP is processed at S2 in response to TFP
treatment, yielding a product that corresponds to PAE (data
not shown). Together, our results demonstrate the regulation
of members of the MAM family of RPTPs by +y-secretase-
mediated intramembrane proteolysis.

PIC is transported into the cell nucleus. After having shown
PS1-mediated conversion of RPTPk PAE to PIC, we sought to
demonstrate a relationship between this cleavage step and the
subcellular localization of both isoforms. To this end, we took
advantage of recombinant PAE and PIC. The PAE construct
codes for the cytoplasmic and transmembrane part plus a four-
amino-acid extracellular stalk directly fused to the leader pep-
tide (Fig. SA). PIC corresponds to the intracellular portion
plus two N-terminal residues (773 and 774) derived from the
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FIG. 4. The S2 cleavage product PAE is subject to PS1-dependent processing, leading to generation of PIC. (A) Specific inhibition of the proteasome
results in accumulation of an additional RPTPk-specific isoform (PIC) that is slightly smaller than PAE. RPTPk was immunoprecipitated from HEK293
cells treated with the peptide aldehyde MG132 (5 pM) and the specific proteasomal inhibitor lactacystin (Lac, 5 wM) for 16 h. Note the accumulation
of PIC upon lactacystin treatment and of both PAE and PIC upon incubation with MG132. For comparison, PAE generation was induced by TFP. —, no
treatment. (B) PIC is a soluble RPTP«k isoform. HEK293 cells were treated with or without (—) lactacystin (Lac) for 16 h, and cellular proteins were
separated into membrane (P100) and cytosolic (S100) fractions. (C) Accumulation of the ADAM product PAE and lack of PIC in the absence of PS (PIC
is marked by asterisks). RPTPk was immunoprecipitated from untreated (—) PS1"™*/PS2*/" and PS1~/~/PS2™/" fibroblasts or PS1*/*/PS2*/* fibroblasts
treated (+) with the y-secretase inhibitor DAPT (2 uM) for 16 h. Additionally, cells were incubated with 5 wM lactacystin (Lac, middle panel) or 5 pM
epoxomycin (Epo, right panel) for 16 h. Note the accumulation of PAE upon inhibition of PS activity (left) concomitantly with the lack of stabilized PIC
(middle and right). (D) PS-mediated processing of PAE in renal carcinoma cells. 768-O cells grown to confluence were treated with dimethyl sulfoxide
or the -y-secretase inhibitors DAPT (2 uM) and L-685458 (5 M) for 8 h. (E) HEK293 cells expressing wild-type PS1 or PS1 D385N were transiently
transfected with HA-tagged RPTP«. (F) PS-mediated cleavage of RPTPw. PS1*/*PS2*/* and PS1~/~PS2~/~ fibroblasts were incubated with or without
(—) epoxomycin (5 pM) for 12 h and endogenously expressed RPTPp was immunoprecipitated. RPTPp shows a characteristic precursor band at 200
kDa and its P subunit at 100 kDa (5). Note that the accumulation of PIC strictly depends on PS activity upon inhibition of the proteasome. Abbreviations:
a, anti; B, blotting; IP, immunoprecipitation.

putative transmembrane region. When expressed in COS-7
cells, y-secretase-derived PIC comigrated with the ectopically
expressed version (Fig. 5B), which was detected by immuno-
fluorescence predominantly in cell nuclei (Fig. 5C, right

panel). Thus, once generated, soluble PIC can localize to cell
nuclei. In contrast, RPTPk-specific immunoreactivity was not
observed in the nucleus upon the expression of RPTPk and
PAE (Fig. 5C). This suggests that the relative amount of pro-
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teolysis-derived PIC was below the detection limit of our im-
munofluorescence analysis.

We have previously found that the RPTPk cytoplasmic part
binds to B-catenin (11). B-Catenin is a multifunctional protein
that combines the features of a structural component at sites of
cell-cell contact with those of a transcriptional coactivator of
LEF/TCF transcription factors (26). Tyrosine phosphorylation
of B-catenin by EGF receptor (EGFR), ErbB2, c-Met, and Src
can lead to a decrease of membane-bound (3-catenin and, con-
comitantly, to an increase in the cytoplasmic pool (25, 36). In
light of these reports and the fact that RPTPk associates with
B-catenin (Fig. 6A), we first analyzed the localization of
B-catenin upon the overexpression of RPTPk, PAE, and PIC.
As shown in Fig. 5C (lower panel), the localization of B-catenin
is not markedly changed upon the overexpression of either
RPTP«k isoform under basal conditions, i.e., without treatment
of ligands that induce tyrosine phosphorylation of B-catenin.

To further examine nuclear localization of PIC, we fused
GFP at the PIC N terminus (residue 773) and expressed it in
NIH 3T3 fibroblasts. Again, although GFP localizes in either
compartment, GFP-PIC was predominantly detected in the
nucleus (Fig. 5D). Moreover, when the cells were treated with
leptomycin B, an inhibitor of CRM1-dependent nuclear export
(48), the nuclear/cytoplasmic ratio of GFP-PIC fluorescence
further increased and the fusion protein accumulated in small
granular structures inside the nucleus. In contrast, localization
of control GFP was unaffected by the export inhibitor (Fig. 5D,
right panel). This suggests that PIC has a leptomycin B-sensi-
tive nuclear export signal sequence and that it is transported in
and out of the nucleus. Future studies will elucidate whether
these nuclear structures are so-called promyelocytic leukemia
protein bodies (known also as nuclear body, nuclear domain
10, or promyelocytic leukemia protein oncogenic domains),
which form granular structures of 250 to 500 nm in diameter
and are present in the nuclei of most cells (2).

PIC dephosphorylates the coactivator (3-catenin and in-
creases TCF-mediated transcription. The presence of two PTP
domains in PIC and its nuclear localization raise an interesting
question: is PIC a nuclear protein tyrosine phosphatase? Our
investigations of the proteolytic processing suggest the exis-
tence of membrane-bound, cytoplasmic and nuclear pools of
the RPTPk-derived catalytic domains. As mentioned above,
the RPTPk-binding protein B-catenin can also be detected in
these subcellular fractions and tyrosine phosphorylation of the
protein has been causally linked to its transition from the
membrane to the cytoplasm. However, tyrosine phosphoryla-
tion of B-catenin has also been implicated in modulation of its
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transcriptional coactivator activity by stimulating association
with the basal transcription factor TATA-binding protein
(TBP) in the nucleus (37). This report prompted us to analyze
the effects of overexpression of RPTPk, PAE, and PIC on
tyrosine phosphorylation of B-catenin. Although association of
B-catenin with RPTPk has been reported (11) (Fig. 6A), de-
phosphorylation of the protein by RPTPk has not yet been
demonstrated in the cellular context.

We therefore started our analysis by activating endogenous
RPTPk in cells and by analyzing the effects on B-catenin ty-
rosine phosphorylation. A major obstacle in the field of RPTP
research is the lack of cognate ligands with the ability to mod-
ulate RPTP activity. The experiment shown in Fig. 2H ad-
dressed the induction of RPTPk S2 cleavage by the affinity-
purified anti-RPTP«EC antibody, which is directed against the
extracellular portion of the phosphatase (Fig. 2D). Here we
asked whether this antibody, possibly by inducing aggregation
of the phosphatase at the cell surface, also increases its cata-
Iytic activity. EGF stimulation induces the association of
EGFR with B-catenin in MDA-MB-468 breast carcinoma cells,
resulting in the tyrosine phosphorylation of B-catenin (15).
Although the treatment of these cells with anti-RPTP<KEC
antibody did not affect the phosphorylation of EGFR, it led to
a marked decrease in the B-catenin tyrosine phosphorylation
induced by EGFR (Fig. 6B). This observation suggests that
anti-RPTPkEC antibody activates the phosphatase. This acti-
vation clearly correlated with the amount of antibody added to
the cell medium (Fig. 6C). Conversely, silencing the expression
of RPTP«k by siRNA increased EGF-induced phosphorylation
of B-catenin (Fig. 6D). In contrast, treatment with TFP, an
RPTPk shedding inducer (Fig. 2E), decreased the EGF-in-
duced phosphorylation of B-catenin (Fig. 6E). We interpret
these results as an indication that the induction of S2 cleavage
accompanies RPTP activation. In fact, all stimuli shown in Fig.
2,1.e., cell density (Fig. 2A and data not shown), TFP (Fig. 2E),
and anti-RPTP«kEC antibody treatment (Fig. 2H), lead to a
reduction in B-catenin tyrosine phosphorylation.

We next asked whether the catalytic activity of the mem-
brane-proximal PTP domain accounts for the dephosphoryla-
tion of B-catenin. We therefore transfected HEK293 cells with
a constitutive active mutant of Src (SrcYF) to induce phosphor-
ylation of the protein (Fig. 6F, upper panel). This phosphor-
ylation was reduced by coexpression of RPTPk but not by a
mutant version with a transition of the membrane-proximal
catalytic cysteine to alanine. These results conclusively identify
B-catenin as a target of RPTP« in living cells and reveal the

treated with (+) or without (=) TFP or MG132 to induce PAE and PIC generation. Additionally, recombinant PAE and PIC constructs were
expressed in these cells. For comparison, only 1/5 of PAE and 1/10 of PIC were transfected. The increase in size of recombinant PAE (marked by
an asterisk) is due to glycosylation (data not shown). B, blotting; «, anti. (C) COS-7 cells were transfected with the indicated HA-tagged RPTPk
isoforms, fixed and immunostained by using anti-HA antibody and AlexaFluor 488-labeled secondary antibody (green). Endogenous B-catenin was
detected with a polyclonal antibody to pB-catenin and AlexaFluor 546-labeled secondary antibody (red). Nuclear staining with DAPI (4',6'-
diamidino-2-phenylindole) is shown in the upper panels. Note the detection of PIC in the nucleus by confocal microscopy. Due to overexpression,
transmembrane PAE localizes predominantly in the endoplasmic reticulum and Golgi complex. o, anti. (D) Accumulation of PIC in nuclear bodies
after the inhibition of CRM1-dependent nuclear export. NIH 3T3 cells were transfected with either GFP-PIC (left panels) or GFP control vector
(right panels) and treated or not treated with leptomycin B (LMB) at 25 ng/ml for 3 h. After fixation, cells were stained with DAPI (4',6'-
diamidino-2-phenylindole) and observed with a Leica confocal microscope. Note the specific accumulation of GFP-PIC in nuclear bodies upon

leptomycin B treatment.
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FIG. 6. B-Catenin is a cellular substrate of RPTPk. (A) Coprecipitation of B-catenin with RPTPk in 786-O renal carcinoma cells. Upper panel,
detection of B-catenin in anti-RPTPkJM antibody immunoprecipitates. Preserum was used as a negative control. Lower panel, the blot was
reprobed with anti-RPTPkJM antibody. (B) Stimulation of cells with anti-RPTP«EC antibody leads to decreased tyrosine phosphorylation of
B-catenin but not of EGFR. MDA-MB-468 cells were treated with anti-RPTP«EC antibody (10 pg/ml) for 30 min prior to stimulation with EGF
(200 ng/ml) for 5 min as indicated. —, no treatment. Immunoglobulin G-Fc antibody was used as a control. Upper panel, B-catenin was
immunoprecipitated and probed for tyrosine phosphorylation with antibody 4G10 (anti-pY). Lower panel, EGFR was immunoprecipitated and
probed for tyrosine phosphorylation. (C) Reduction in B-catenin tyrosine phosphorylation is antibody concentration dependent. Cell stimulation
was performed with 200 ng/ml EGF for 5 min and various concentrations of anti-RPTP«EC antibody for 30 min as indicated. (D) Short
interfering RNA (siR)-mediated knockdown of RPTPk increases B-catenin tyrosine phosphorylation. Stably transfected ACHN cells were
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importance of the membrane-proximal PTP domain in the
dephosphorylation reaction.

We then asked whether PIC expression also decreases Src-
induced tyrosine phosphorylation of B-catenin or whether the
isoforms differentially affect phosphorylation. We also in-
cluded a catalytically inactive version of PIC, PIC-CS1 (inac-
tivation of the membrane-proximal PTP domain), and a PIC
deletion mutant that is devoid of the juxtamembrane part. This
sequence connects the transmembrane region with the first
PTP domain and has been implicated in binding to B-catenin
(11). First, wild-type phosphatase, PAE, and PIC dephosphor-
ylated the protein with comparable efficiencies (Fig. 7A). Sec-
ond, PIC-CS1 did not affect phosphorylation. Third, PICAJM
effectively dephosphorylated B-catenin under these conditions.
Accordingly, RPTPk, PAE, PIC, PIC-CS1, and PICAJM co-
precipitate with 3-catenin (Fig. 7B). The fact that PICAJM still
binds to B-catenin is surprising as it suggests that primary
binding of B-catenin to RPTPk may rely on the PTP domains.
Collectively, we interpret these results as an indication that
PIC participates in dephosphorylation of B-catenin and that
the RPTPk P subunit is an active phosphatase that does not
require cleavage at S2 or S3 in order to become active. In line
with these findings goes the observation that y-secretase inhib-
itors did not affect tyrosine phosphorylation of B-catenin (data
not shown).

Because tyrosine phosphorylation of B-catenin has been
shown to modulate TCF-mediated transcription in the nucleus,
we expressed the same isoforms in HCT116 colon carcinoma
cells. HCT116 cells are characterized by activated -catenin
signaling, due to a stabilizing mutation in B-catenin. As ex-
pected, the expression of full-length RPTPk suppressed the
activity of a reporter gene placed under the control of a B-cate-
nin- and TCF-sensitive promoter (Fig. 7C). This is in accor-
dance with our data showing that RPTP« is a negative regu-
lator of B-catenin tyrosine phosphorylation (Fig. 6). In contrast
to this observation, the expression of PIC as well as PICAJM
promoted B-catenin’s transcriptional activity. Hence, this effect
depends on the catalytic activity of PIC’s proximal PTP domain
since PIC-CS1 does not increase TCF-mediated transcription
(Fig. 7C). Although RPTP«, PAE, and PIC share the ability to
dephosphorylate B-catenin, they have different effects on
TCF-mediated transcription. This indicates that PIC may
target additional regulatory proteins of the transcription reg-
ulatory complex. We propose that RPTPk and PIC serve op-
posing functions in the regulation of TCF-mediated transcrip-
tion and suggest that RPTP intramembrane proteolysis
constitutes a switch in the regulation of RPTP« signaling.
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DISCUSSION

Nuclear localization of some nonreceptor PTPs, including
TC45 and SHP-1, has been observed. Both PTPs have been
implicated in the dephosphorylation of transcription factors or
direct activators of such proteins. For instance, TC45, derived
through alternative splicing of T-cell PTP, functions as the
nuclear tyrosine phosphatase of signal transducers and activa-
tors of transcription (44). In contrast, SHP-1 may regulate the
transcriptional coactivator function of B-catenin in intestinal
epithelial cells (9). This suggestion is backed by the fact that
the expression of TCF/LEF target genes like the cyclin D1
gene and c-myc is increased in the jejunum and colon derived
from allelic viable moth-eaten (me"/me”) mice, whose SHP-1
activity is strongly compromised (9).

In this report, we suggest for the first time the nuclear
localization of an RPTP. This is accomplished by sequential
proteolytic processing by three proteases at three sites: S1, S2,
and S3 (Fig. 8). While S1 cleavage by furin participates in
RPTP maturation in the secretory pathway, cleavage at S2 by
ADAM 10 results in the shedding of the phosphatase extra-
cellular fragment. Finally, intramembrane proteolysis at S3 by
v-secretase releases PIC to the cytoplasm. In this proteolytic
pathway, processing by ADAMs may play a major regulatory
role. The ability of the anti-RPTP«EC antibody to activate S2
cleavage may suggest that frans-interactions between RPTPk
proteins that are expressed on adjacent cells lead to S2 pro-
cessing (Fig. 8). Such a mechanism has been reported for
ADAM 10-mediated processing of Notch and its ligand, Delta
(24, 30), and ephrin-A2 and its receptor, Eph3A (14). A recent
report from Saftig and colleagues further confirmed the role of
ADAM 10 in the regulation of cell adhesion by demonstrating
aggregate formation of ADAM 10-deficient cells, with in-
creased N-cadherin-mediated adhesion being important (38).
Moreover, ADAM 10 has been implicated in calcium signaling
and the precursor of ADAM 10 has been found in association
with calmodulin. Interestingly, calcium influx triggers the dis-
sociation of calmodulin from ADAM 10, thereby leading to
activation of the protease (31). We observed that the addition
of calmodulin inhibitors, like TFP, induced S2 processing of
RPTPk. Accordingly, ADAM 10 is involved in RPTPk pro-
cessing induced by TFP. Moreover, ADAM 10 also mediates
S2 cleavage in confluent fibroblast cultures, indicating that the
activity of the protease is triggered by cell contact formation.
This goes in line with the aforementioned reports. Notably,
PMA failed to induce shedding of the phosphatase. An expla-
nation for this unexpected finding could be that PMA selec-
tively activates ADAM 17, a protease that is not involved in

analyzed for RPTP«k expression andtyrosine phosphorylation of B-catenin. All cells were stimulated with EGF (200 ng/ml) for 5 min to induce the
tyrosine phosphorylation of B-catenin. RPTPk (top panel) and B-catenin (bottom panel) were immunoprecipitated and probed with indicated
antibodies. Tubulin was used as loading control (middle panel). WCL, whole-cell lysates. (E) Effect of TFP treatment on B-Catenin tyrosine
phosphorylation. Cells were incubated with (+) or without (=) TFP (100 uM) for 10 min prior to stimulation with EGF (200 ng/ml) for 5 min as
indicated. B-Catenin (upper panel) and RPTPk (lower panel) were immunoprecipitated and analyzed. (F) B-Catenin dephosphorylation depends
on catalytic activity of the membrane-proximal PTP domain of RPTPk. HEK293 cells were cotransfected with constitutive active Src (SrcYF) (+)
or empty vector (—) and either RPTPk-HA or catalytically inactive RPTP«-C/A1-HA. To obtain maximal tyrosine phosphorylation of B-catenin,
cells were starved for 12 h and the protein was immunoprecipitated and probed with the indicated antibody (upper panels). Whole-cell lysates
(WCL) were analyzed for the expression of RPTPk and SrcYF. Abbreviations: «, anti; B, blotting; IP, immunoprecipitation.
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FIG. 7. PIC is an active protein tyrosine phosphatase that promotes B-catenin-mediated transcription. (A) Dephosphorylation of B-catenin by
PIC. HEK293 cells were transfected with empty vector (—) or constitutive active Src (SrcYF) (+) to induce tyrosine phosphorylation of B-catenin.
All RPTP«k constructs used here are HA tagged at the C terminus. RPTPk, PAE, PIC, PIC-CS1, and PICAJM were cotransfected, and tyrosine
phosphorylation of B-catenin was analyzed (upper panel). Transfection controls are shown below. PIC-CS1 is a catalytically inactive version;
PICAJM is devoid of the juxtamembrane sequence. (B) Coprecipitation of PIC and PICAJM with B-catenin. HEK293 cells were transfected with
either empty vector (mock) or the indicated HA-tagged constructs, and B-catenin was immunoprecipitated. Preserum was used as a control (right
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FIG. 8. Hypothetical model of the RPTP S1/S2/S3 cleavage mechanism and activation of B-catenin-mediated transcription. Furin-mediated
cleavage constitutively yields two subunit RPTP«k proteins at the cell surface. Homophilic binding between RPTP« proteins expressed in trans at
high cell densities may induce S2 cleavage by ADAM 10, resulting in the release of the homophilic binding site into the cell supernatant. The
remaining part, PAE, is subject to y-secretase/PS1-dependent intramembrane proteolysis that allows translocation of catalytically active PIC to the
nucleus. Proteasomal destruction decreases the level of PIC in cells and may prohibit its nuclear import. PIC dephosphorylates the coactivator
B-catenin and, unlike RPTPk, increases TCF-mediated transcription. Note that PIC may additionally dephosphorylate transcriptional regulatory
proteins associated with the B-catenin/TCF complex. Ig, immunoglobulin.

RPTP«k shedding in cells that have been used herein. Indeed, levels have been observed at cell confluence (11). In accor-

it is well accepted that different stimuli activate individual
ADAMs. Because ADAM 10 has been implicated in cell den-
sity- and calcium-dependent shedding events, one cannot ex-
clude the possibility that calcium signaling operates down-
stream of cell contact assembly.

While there is an increased rate of cleavage at cell conflu-
ence, a higher rate of transcription of the RPTP« gene has also
been demonstrated (11). Consequently, higher RPTP«k protein

dance with this, RPTPk accumulates at points of cell contact.
The same has been reported for the MAM family member
RPTPp (12). Therefore, at high cell densities, the cleavage of
MAM family RPTPs can be compensated easily by an in-
creased rate of gene transcription. Our study suggests that S2
cleavage is part of a signaling, but also a degradation, pathway.
Because MAM family RPTPs harbor cytoplasmic PTP do-
mains, it is conceivable that the extracellular portions serve a

lane). RPTPk-derived constructs were detected with anti-HA antibody. (C) PIC enhances transcriptional activation of B-catenin, whereas RPTPk
suppresses it. HCT116 cells were cotransfected with B-catenin/TCF reporter constructs and either respective RPTPk plasmids or empty vector
(Mock). PIC-CS1 is a catalytically inactive PIC version that harbors a cysteine-to-alanine transition in the proximal PTP domain. Luciferase activity
was determined using the dual luciferase kit (Promega), and the data were normalized to the cotransfected cytomegalovirus Renilla plasmid. Error
bars represent the standard deviations of triplicate assays. The expression of the RPTPk constructs is shown in the lower panel (an unspecific
bovine serum albumin signal is marked by an asterisk). Abbreviations: «, anti; B, blotting; IP, immunoprecipitation.
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sensor rather than a mechanical function in living tissues. If
true, S2 cleavage would not affect the adhesive force between
cells expressing RPTPk in vivo; instead, it could lead to the
relocalization of the PTP domains. Indeed, this study demon-
strates that S2 cleavage forms the precondition for processing
by y-secretase and nuclear translocation of the PTP domains
(see below).

The finding that TFP and anti-RPTP«EC antibody not only
induce RPTPk cleavage at S2 but also increase the catalytic
activity of the phosphatase is interesting. Thus, there is a cor-
relation between RPTPk S2 cleavage and activation of the
enzyme. However, direct inhibition of RPTP processing does
not seem to interfere with RPTP activation (data not shown).
Moreover, when overexpressed, the RPTP«k precursor, PAE,
and PIC dephosphorylated B-catenin equally well, indicating
that the precursor is indeed an active phosphatase. It is there-
fore likely that cleavage accompanies RPTP activation, but
cleavage does not seem to be causally related to it. Notably,
TFP is the first compound identified so far that activates en-
dogenous tyrosine phosphatase activity in cancer cells, thereby
inhibiting tyrosine kinase-mediated signaling.

An increasing number of type I transmembrane proteins
have been identified as substrates for y-secretase-dependent
intramembrane cleavage after ectodomain shedding, including
Notch, APP, CD44, ErbB4, low-density lipoprotein receptor-
related protein, and cadherins (20, 21). Some liberated ICDs
translocate to the nucleus. For instance, the liberated Notch
ICD interacts with the CSL (C promoter-binding factor) tran-
scription factor and converts it from a transcriptional repressor
to an activator, resulting in the expression of Notch target
genes (21). The intracellular fragments of CD44 and ErbB4
have also been detected in the nucleus. Moreover, CD44 ICD
can potentiate transactivation induced by the transcriptional
coactivator CBP/p300 (33). In contrast, the nuclear function of
ErbB4 remains undefined (32). Other y-secretase substrates,
like APP, cadherins, or Syndecan-3, have not been demon-
strated to function in the nucleus. For example, the N-cadherin
ICD binds to the transcription factor CBP in the cytoplasm to
promote its proteasomal degradation, thereby inhibiting CRE-
dependent transcription (28).

Our results reveal that PIC is a low-abundance protein and
that its accumulation seems to be tightly regulated by both
y-secretase activity and proteasomal destruction. It should be
noted at this point that the Notch ICD is also quite labile but
plays an important role as transcriptional coactivator in the
nucleus. In fact, the Notch ICD is hardly detectable from living
tissues on Western blots (21). In our experiments, very minor
amounts of endogenous PIC can indeed be detected with anti-
RPTP«JM antibody in high-cell-density cultures without pro-
teasomal inhibitors, but we noted that PIC accumulation was
not always reproducible in these experiments (data not shown).
Notably, the detection of PIC upon the overexpression of the
RPTPk precursor may simplify this issue. y-Secretase has been
implicated in maintaining membrane protein homeostasis, and
the possibility that, in the membrane fraction, y-secretase is
analogous to the intracellular proteasome has been discussed.
However, in most if not all cases, y-secretase-mediated cleav-
age actually forms the precondition for the action of the pro-
teasome, even for those ICDs for which a signaling function
has been assigned (see above).
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We interpret our data as an indication that the low abun-
dance and the short half life of PIC in cells serves important
regulatory roles. For example, at a high cell density, the acti-
vation of ADAM 10 may lead to increased PAE generation,
which concomitantly results in higher levels of PIC generated
by vy-secretase. If we assume that proteasomal activity is not
affected by cell contact formation, increased PIC levels may
facilitate its import into the nucleus. Although we showed
nuclear staining of recombinant overexpressed PIC, specificity
of the nuclear localization was demonstrated by the inhibition
of a CRMl1-dependent export. Under these conditions, the
intensity of PIC nuclear staining further increased and the
fragment became localized to nuclear bodies. Such granular
domains have been implicated in gene regulation, DNA repair,
tumor suppression, apoptosis, and proteolysis (2). Given the
fact that endogenous PIC levels are low, visualization of the
endogenous fragment with anti-RPTP«xJM antibody in the nu-
cleus is difficult, even upon inhibition of the proteasome. A
simple explanation could be that anti-RPTP«JM antibody does
not allow the detection of endogenous PIC. Although the
abundance of nuclear PIC is low, it might be sufficient to fulfill
a signaling function as transcriptional activator.

Contrary to all of the previously identified intracellular
products generated by vy-secretase cleavage, PIC is an active
protein tyrosine phosphatase. Our findings implicate RPTP«k
and PIC in the dephosphorylation of B-catenin (Fig. 8). Al-
though the role of B-catenin tyrosine phosphorylation in cell
adhesion and cellular signaling is not yet clearly defined, it is
assumed that the phosphorylation of E-cadherin-associated
B-catenin by activated growth factor receptor tyrosine kinases
and Src contributes to the disassembly of adherens junctions
(35). In contrast, the activation of RPTP« may lead to an
accumulation of B-catenin at adherens junctions and, concom-
itantly, to a decrease in the cytoplasmic pool. Consequently,
less cytoplasmic B-catenin may be available for nuclear trans-
location and activation of TCF-mediated transcription. The
data shown in Fig. 7C may thus suggest that RPTPk preferen-
tially targets the cytoplasmic pool of B-catenin, causing its
translocation to the membrane.

Recently, B-catenin tyrosine phosphorylation has been di-
rectly linked to the transcription of TCF target genes: phos-
phorylation of the protein may increase its association with the
basal transcription factor TBP, thereby activating TCF-4-de-
pendent transcription (37). For instance, in SW480 cells, a B-cate-
nin phosphorylation mimic mutant (Tyr-654-Glu) showed in-
creased binding to TBP compared to that of the wild-type
protein. Accordingly, B-catenin Tyr-654-Glu increased TCF-4-
mediated transcription to a higher extent in a gene reporter
assay (approximately 200% in SW-480 cells and 100% in NIH
3T3 and MiaPaCa-2 cells). Along this line goes the observation
that the protein tyrosine phosphatase SHP-1, as mentioned
above, decreases the transcriptional activity from TCF-sensi-
tive dihydrofolate reductase, c-myc, and cyclin D1 promoters
by about 50% (9).

Although both RPTPk and PIC isoforms dephosphorylated
B-catenin with comparable efficiencies, they differentially mod-
ulated TCF-mediated transcription. The reason for this is un-
known, but it is clear that the ability of PIC to dephosphorylate
the transcriptional coactivator B-catenin cannot solely account
for the observed increase in TCF-mediated transcription. Fur-
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thermore, whereas PIC was localized to granular nuclear struc-
tures, B-catenin was not (data not shown). This indicates that
the function of PIC in these domains is independent from
B-catenin. On the other hand, the deletion of PIC’s juxtamem-
brane region does not impair either B-catenin dephosphoryla-
tion or TCF activation. Our data do not exclude the possibility
that PIC has access to additional transcriptional regulators that
are associated with the B-catenin/TCF complex (Fig. 8).
Hence, the dephosphorylation of B-catenin-associated factors
by PIC, but not by full-length RPTPk, may account for the
contrasting effects on TCF-mediated transcription. It is well
accepted that additional factors are required to boost B-cate-
nin’s function as a transcriptional coactivator, and B-catenin
does not contain the enzymatic activities that are necessary for
modification of the chromatin structure. Instead, B-catenin
recruits chromatin-modifying enzymes, such as p300/CBP and
Brg-1 as well as other regulatory proteins, like pygopus, TIP49,
and TBP, which then allow the recruitment of the basal tran-
scription machinery (17). Given the fact that most of these
proteins work in concert to tightly regulate TCF activation and
that they are physically associated with each other, it is indeed
possible that PIC targets components of this complex indepen-
dently from B-catenin. This hypothesis is backed by the obser-
vation that PIC increases TCF-mediated transcription, while
SHP-1, presumably by dephosphorylating nuclear 3-catenin at
tyrosine 654, decreases it. Furthermore, the mild effects of PIC
overexpression on TCF activation (approximately 30%) may
be explained, at least in part, by the absence of a particular
factor that acts at the coactivator level and is required for
efficient transcriptional induction by PIC. Although further
studies are needed to clarify the regulation of TCF transcrip-
tional activity by tyrosine phosphorylation in the nucleus, our
study provides fundamental insights into the regulation of
RPTPs by proteolytic processing. It will be interesting to ana-
lyze the contribution of these enzymes to biological processes
that are modulated by ADAMSs and +y-secretase, ranging from
tumor growth to neurodegeneration.
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