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Abstract
Receptor protein tyrosine phosphatases (RPTPs) are involved in many cellular processes,
including the regulation of adhesion, migration and cellular signaling. Many RPTPs are putative
tumor suppressors because of the transcriptional and translational changes observed in their
expression during tumorigenesis. Recently, RPTPs were shown to be post-translationally regulated
during tumorigenesis by proteolysis in a manner similar to proteolysis of the Notch receptor.
There is accumulating evidence that proteolysis of RPTPs influence their cellular function and that
RPTP fragments may function as oncogenes. By exploiting what is known about RPTP ligand
binding domains and crystal structures of ligand-RPTP interfaces, we describe novel molecular
diagnostics that have been or can be developed to identify tumor margins and target tumor tissues.
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INTRODUCTION
Receptor protein tyrosine phosphatases (RPTPs) are type I transmembrane proteins with
intracellular tyrosine phosphatase domains linked to cell adhesion molecule (CAM)-like
extracellular domains. Numerous studies demonstrate that RPTPs regulate cell-cell
adhesion, cell-extracellular matrix adhesion and/or cell migration, similar to other CAMs. In
the context of cancer biology this is significant, as the dissolution of stable cell-cell and
increased cell-matrix adhesions have been documented as essential early steps in tumor
progression. Eight RPTP subfamilies have been identified, each with distinct extracellular
domain structures [1–3]. In the context of tumorigenesis, four RPTP subfamilies have been
strongly implicated: the LAR Type IIa, the PTPμ Type IIb, the PTPα Type IV, and the
PTPζ/β Type V subfamilies.

The extracellular domain structure of RPTPs, as with CAMs in general, determines the
ligands they interact with in their environment. For example, some RPTPs bind to identical
ligands, known as homophilic binding. Other RPTPs bind to different ligands, known as
heterophilic binding. Depending on whether the ligands are present on other cells or in the
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extracellular matrix, RPTPs are able to promote either cell-cell adhesion or cell-extracellular
matrix adhesion. The Type IIa, IIb, and V RPTP families mediate distinct types of cell
adhesion. Type IIa RPTPs, PTPδ, PTPσ, and LAR, mediate heterophilic cell-cell adhesion
with netrin-G-ligand 3 (NGL-3), heparin sulfate proteoglycans or the Laminin/nidogen
complex [4–7]. However, PTPδ and specific isoforms of LAR can also mediate homophilic
binding [8, 9]. Adhesion mediated by this family has been reviewed [10]. The type IIb
PTPμ-like subfamily of RPTPs, including PTPμ, PTPρ, PTPκ, and PCP-2 (PTPλ), mediate
homophilic cell-cell adhesion [11–16], with the exception of PCP-2 [17]. The adhesion
mediated by this subfamily has been reviewed in [3, 18, 19]. Finally, the type V PTPζ/β
family, including PTPζ (RPTPβ) and PTPγ, mediates heterophilic cell-matrix adhesion via
the interaction with a number of different molecules, including with neural cell adhesion
molecule (NCAM), the extracellular matrix protein, tenascin, and the neurite outgrowth
promoting molecule, pleiotrophin [20–24].

Mis-expression and mutation of various RPTPs has been linked to tumorigenesis [25].
Recent data demonstrates that cleavage of the extracellular domain (ECD) and intracellular
domain (ICD) of RPTPs regulates RPTP function and may be significant in cancer
progression [26]. ECD cleavage observed for RPTPs is similar to the well-documented
Notch cleavage paradigm, in which three proteases sequentially digest Notch to release
biologically active protein fragments [27].

RPTP cleavage can have a number of effects. First, because they function as adhesion
molecules, shedding of the RPTP’s ECD would dramatically change cell-cell and cell-
matrix adhesion, likely promoting migration over adhesion. Second, release of the catalytic
tyrosine phosphatase domains of cleaved RPTPs from the plasma membrane will likely
impact signaling mediated by RPTPs. Evidence for this exists, as most of the RPTP ICDs
translocate to the nucleus [28–31]. Finally, we suggest that the phosphatase activity of the
membrane-based RPTP will differ from its nuclear-fragment, as has been described for
PTPα and PTPε [32, 33]. This is likely not only due to changes in substrate availability in
the different subcellular compartments, but also due to conformational changes in the
tyrosine phosphatase domains that can affect their activity (see [19] for review of regulation
of RPTP catalytic activity).

The best evidence exists for cleavage of type IIb RPTPs in cancer progression. Although
there is evidence for the cleavage of three other RPTP subfamilies, the connection between
cleavage of these RPTPs and cancer is not as clear. In general, full-length RPTPs are
speculated to function as tumor suppressors [25]. We postulate that cleaved RPTP fragments
function as oncogenes [26, 29]. The full length tumor suppressor versus cleaved oncogene
hypothesis may explain the conflicting reports on the role of RPTPs in cancer. Cleavage of
RPTPs may be preferentially triggered in cancer cells as a consequence of increased
protease expression during cancer progression [34] or increased RPTP glycosylation [35]. In
this review, we will summarize what is currently known about the cleavage of four RPTP
subfamilies and their link to cancer progression. Finally, we will conclude with a discussion
of how we can exploit the presence of cleaved RPTP fragments to develop cancer molecular
diagnostic tests and molecular imaging agents.

CLEAVAGE OF RPTPs
Type IIa RPTPs

The type IIa subfamily of RPTPs are comprised exclusively of immunoglobulin (Ig)
domains and fibronectin III (FNIII) repeats in their ECD. The ECD of type IIa RPTPs are
proteolytically processed in the Golgi by a furin-like endo-peptidase to yield two non-
covalently associated fragments [36, 37]. Members of this subfamily include LAR, PTPδ,
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and PTPσ (CRYPα). LAR ECD shedding was observed in high-density cell cultures [36],
following PMA stimulation [38], treatment with calcium ionophores [39], and stimulation
with EGF [40]. EGF stimulation increases EGFR tyrosine kinase activity and ERK1/2
activity, resulting in increased ADAM17 mediated cleavage of LAR [40]. The ECD of
PTPσ is also shed in response to calcium ionophores and stimulation with the phorbol ester
TPA [39]. Finally, PTPδ ECD is observed in tissue culture supernatant of COS-7 cells [41],
demonstrating that all three type IIa RPTP subfamily members are cleaved and shed.

The ECDs of these RPTPs are likely cleaved by an α-secretase mechanism by an ADAM-
like metalloprotease close to the plasma membrane (Figure 1). This cleavage event produces
a shed fragment of the ECD and leaves the remainder of the RPTP membrane-tethered. The
mechanism of LAR cleavage is similar to cleavage of Notch: the ECD is cleaved by an
ADAM-like metalloprotease, likely ADAM-17 [40], to yield a 150 kD shed fragment. The
remainder of the protein is then cleaved by presenilin (PS)-1 or -2 of the γ-secretase
complex to yield a 70kD LAR-intracellular domain (LAR-ICD) fragment [31]. LAR-ICD is
found both in the cytosol and the nucleus. The mechanisms responsible for PTPδ and PTPσ
cleavage have not yet been identified, but are likely to be similar.

The cellular consequences of LAR cleavage are not clear. One study by Haapasalo and
colleagues suggests that LAR cleavage promotes stable cell-cell adhesion [31] by binding
cytoplasmic β-catenin and reducing transcription of the β-catenin regulated gene, cyclin D1
[31]. Another study by Ruhe et al., however, demonstrates that LAR cleavage reduces LAR
phosphatase activity and thereby promotes EGFR signaling, thus likely promoting cellular
proliferation and migration [40]. The reasons for these discrepancies are likely a
consequence of contextual differences, as the Haapasalo et al. study evaluated LAR
cleavage in CHO cells over-expressing full-length and LAR-ICD, whereas the Ruhe et al.
group examined endogenous LAR in MDA-MB-468 breast cancer cells and TACE knock-
out mouse fibroblasts as well as over-expressed full-length LAR in HEK-293 cells.

LAR mRNA and protein are over-expressed in various cancer cell lines and in tissue
samples, supporting its function as an oncogene, although this is not universally observed in
all cancers. For example, in a microarray analysis of melanoma cell lines, LAR mRNA was
either not observed or found to have reduced expression compared to normal melanocytes,
suggesting that LAR functions as a tumor suppressor in these cells [42]. Antibody studies
have demonstrated that LAR protein is elevated in breast cancer tissue compared to normal
tissue controls [43] and in thyroid carcinoma tissue sections [44]. Neither of these studies
looked at LAR cleavage products as they were published before the existence of LAR
cleavage in cancer was hypothesized. However, neither of these studies excludes the
possibility that part of the increased LAR expression observed may be a result of increased
cleavage and/or stability of a protein fragment. Definitive demonstration of LAR cleavage in
cancer can only be conducted with immunoblot analysis of potential cleavage products.
Only Yang et al. [43] evaluated LAR protein on immunoblots, and most of the figures do
not show lower molecular weight proteins to determine whether cleavage products are
present. LAR cleavage as one mechanism of altering adhesion-based signals during
tumorigenesis remains a viable hypothesis, and is supported by the existence of LAR
cleavage fragments in cancer cell lines [31, 39, 40].

Full-length PTPδ and PTPσ, on the other hand, are hypothesized to function as tumor
suppressors. Homozygous deletions and/or methylation of the PTPδ gene, PTPRD, has been
described in a wide range of cancers, including glioblastoma multiforme (GBM), melanoma,
neuroblastoma and lung carcinoma [45–49]. Addition of wild-type PTPδ to GBM cell lines
harboring the PTPRD mutations suppresses cell growth [47, 49], whereas using shRNA to
reduce PTPδ protein expression increases tumor size of immortalized human astrocyte cells
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in a mouse xenograft experiment [49]. Single nucleotide polymorphisms have been observed
to occur in the PTPσ gene, PTPRS, in human cancer [50]. Additional evidence demonstrates
that PTPσ expression regulates cell proliferation in A431 carcinoma cells. Induced over-
expression of PTPσ in these cell lines decreased colony formation in soft agar and
antagonized EGFR signaling, suggesting a potential role as a tumor suppressor [51]. Again,
future studies evaluating immunoblots of cancer tissue or cell lines for cleavage fragments
of type IIa RPTPs will illuminate whether there is any connection between type IIa RPTP
cleavage and tumorigenesis.

Type IIb RPTPs
The ECD of the type IIb subfamily of homophilic cell-cell RPTPs are characterized by a
meprin-A5 (neuropilin)-mu (MAM) domain, one Ig domain, and four FNIII repeats. The
PTPμ-like RPTP intracellular domain contains a cadherin homology domain, and two
tyrosine phosphatase domains, of which only the membrane proximal domain is catalytically
active. ECD shedding and ICD cleavage has been observed for both PTPκ [28] and PTPμ
[29], and is similar to the mechanism already described for the type IIa subfamily. Aberrant
glycosylation of PTPκ has been suggested as one reason for the cleavage and shedding of
PTPκ observed in tumor cells [35]. ADAM10 has been identified as the protease responsible
for PTPκ-ECD cleavage [28]. Cleavage by the PS/γ-secretase complex of the membrane-
tethered stump within the transmembrane domain releases an ICD fragment of the RPTP
[28, 29]. Both PTPκ and PTPμ ICDs are capable of translocating to the nucleus [28, 29].

Full-length PTPμ is down-regulated in GBM [52]. Reduced PTPμ protein expression
contributes to the increased migration observed in GBM cells [52]. The mechanism
responsible for PTPμ down-regulation was determined to be proteolysis of the full-length
protein to yield a shed ECD and membrane-released ICD [29, 53]. Notably, ECD and ICD
fragments of PTPμ are present only in GBM tissue when compared to the normal tissue
surrounding the tumor. It was found that PTPμ cleavage to yield PTPμ-ICD promotes GBM
cell migration, growth factor independent survival and anchorage independent growth [29],
suggesting that PTPμ cleavage promotes tumorigenesis. The study by Burgoyne et al. also
demonstrated that phosphatase activity was necessary for some of the tumor promotion
effects of PTPμ-ICD on GBM cells, as the ability of PTPμ-ICD to promote GBM cell
migration was reduced when a wedge peptide that interferes with phosphatase function was
used [29].

A role for PTPκ in tumor progression has also been suggested. PTPκ expression is reduced
in melanoma cell lines and human tissue biopsies [54], and in Hodgkin’s lymphoma cells
[55]. Over-expression of PTPκ in Hodgkin’s lymphoma cells reduces cellular proliferation
and survival [55], suggesting a tumor suppressor function. Other data suggest that PTPκ
may promote tumor growth. For example, the cleaved cytoplasmic domain fragment of
PTPκ is catalytically active, translocates to the nucleus and promotes β-catenin-mediated
transcription [28]. Furthermore, it is hypothesized that aberrant glycosylation leads to PTPκ
cleavage and, ultimately, increased colon cancer cell migration, possibly by interfering with
stable homophilic adhesion [35]. It is interesting that differential glycosylation may control
the proteolytic cascade. Cleavage of PTPκ may, therefore, have a two-fold effect on cancer
cells: loss of stable cell-cell adhesion to promote migration and increased β-catenin/Wnt
signaling to promote epithelial to mesenchymal transition.

Type IV RPTPs
PTPα and PTPε are two members of the type IV RPTP subfamily. These proteins have
short, highly glycosylated ECDs with no known structural motifs. There is no evidence that
type IV RPTPs mediate adhesion directly, but they promote integrin-mediated adhesion
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through the activation of src family kinases downstream of integrin receptors [56, 57]. In
addition, PTPα interacts in cis with contactin1, and therefore has the potential to regulate
adhesion through this interaction [58]. Unlike the mechanism proposed for the cleavage of
the other RPTPs, calpain is the protease identified that cleaves PTPα and PTPε. Calpain is a
calcium regulated cysteine protease, and is suggested to cleave both type IV subfamily
members in the intracellular juxtamembrane domain [32]. The two fragments, PTPα-ICD
(or p66α) and PTPε-ICD (p65ε), are both found in the cytosol of cells [32]. No evidence for
nuclear localization of PTPα-ICD exists, while PTPε-ICD is excluded from the nucleus
[33]. Notably, changes in the subcellular localization of PTPα-ICD and PTPε-ICD
fragments result in a significant reduction in the ability of these RPTPs to dephosphorylate
their substrates src and the voltage gated potassium channel, Kv2.1 [32]. PTPα and PTPε
expression is also regulated in cancer as reviewed in [59]. While the molecular mechanism
of PTPα and PTPε cleavage is distinct from that of other RPTPs, the paradigm of cleavage
regulating localization and substrate availability is similar.

Type V RPTPs
PTPζ/β (Ptprz) and PTPγ are members of the type V subfamily of RPTPs that are
characterized by an extracellular carbonic anhydrase-like (CA) domain, a glycosylated long
unique spacer region, and a single FNIII repeat. Alternative splicing of PTPζ yields three
isoforms, PTPζ-A, PTPζ-B, and PTPζ-S (also known as phosphacan) [60]. PTPζ isoforms
bind to many different ligands, including the extracellular matrix protein, tenascin, the cell
adhesion molecule, contactin1, the heparin binding growth factor, pleiotrophin, and the cell-
cell CAMs, Nr-CAM, Ng-CAM/L1, and N-CAM [20–24]. PTPζ isoforms, therefore, have
the ability to regulate several aspects of cell adhesion and migration via these interactions.

Detection of full-length protein expression of the PTPζ-A and –B isoforms was often
difficult [61]. Recently, it was determined that both PTPζ-A and –B ECDs are cleaved to
yield shed extracellular fragments, termed ZA-ECD and ZB-ECD, respectively [30]. Two
proteases are implicated in the generation of ZA- and ZB-ECD; MMP-9 is responsible for
the constitutive cleavage of the two PTPζ isoforms, while ADAM17 (TACE) is likely the
protease responsible for PMA-induced cleavage (Figure 2). As has been observed for other
RPTPs, the γ-secretase complex also cleaves the membrane-tethered PTPζ fragments left
after MMP/ADAM cleavage into ZA- and ZB-ICDs [30]. ZB-ICD is found in the cytosol and
nucleus of the cell, and thus is likely involved in as of yet unidentified novel cell signaling
events, as has been observed for the other cleaved RPTP ICDs.

Alteration in PTPζ expression is linked to many different cancers. Using antibodies directed
to the carboxy-terminus of PTPζ, Foehr and colleagues demonstrated that PTPζ is highly
expressed in colon, prostate and lung adenocarcinomas, breast carcinoma, melanoma and
astrocytoma tissue [62]. In some instances, the PTPRZ gene and PTPζ mRNA are reduced
in cancerous tissue compared to normal tissue [63]. The RPTPZ gene is the most
differentially expressed gene when comparing grade II gliomas oligodendroglioma,
oligoastrocytoma, and astrocytoma [64]. Immunohistochemistry for PTPζ strongly labeled
oligodendroglioma, whereas other glioma types were not positively labeled for PTPζ. In
addition, PTPζ mRNA and protein are over-expressed in various GBM cell lines compared
to normal brain controls [65, 66].

Functional studies demonstrate that PTPζ isoforms regulate GBM adhesion and migration
and that PTPζ may in fact act as an oncogene. Using a modified Boyden chamber assay,
Muller and colleagues demonstrated that PTPζ expression was necessary for chemotaxis
towards serum [65]. Furthermore, chemotaxis was augmented by pretreating the GBM cells
with pleiotrophin (a PTPζ ligand) prior to addition to the Boyden chamber, which also
depended upon PTPζ expression. Another study demonstrated a likely mechanism for GBM
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migration in vivo [66]. GBM cells themselves do not appear to migrate toward soluble
pleiotrophin. Rather, they will migrate preferentially on pleiotrophin when presented as a
fixed substrate, known as haptotaxis [66]. This haptotaxis is dependent on binding to PTPζ,
as addition of antibodies that recognize the ECD of all three isoforms of PTPζ or use of
siRNA against PTPζ, abolishes this migration [66, 67]. This same phenomenon has also
been observed to occur in cortical neurons, in addition to GBM cells [68]. Proliferation of
U251-MG cells was significantly reduced following decreased PTPζ expression by siRNA
[67]. Finally, reducing PTPζ expression with si-RNA abolishes the tumorigenicity of U251-
MG human glioblastoma cells implanted either subcutaneously or intracerebrally in nude
mice [67]. These studies suggest that over-expression of PTPζ may promote tumorigenesis.

In retrospect, early studies on PTPζ suggested a function for the shed ZA-ECD and ZB-ECD
fragments in cancer. Two studies, one by Sakurai et al. [69] and one by Adamsky et al. [70],
suggest that either phosphacan or shed PTPζ fragments are capable of antagonizing glioma
cell adhesion. PTPζ on C6 glioma cells is required for adhesion to the neural cell adhesion
molecule, NgCAM/L1 [69]. After 24 hours of adhesion, however, the glioma cells
spontaneously round-up and detach from the substrate. Notably, detachment from the
NgCAM substrate is abolished when the conditioned media was depleted of either
phosphacan or potentially ZA-ECD [69], using an antibody that we now know recognizes
both forms of PTPζ [69]. Therefore, ZA-ECD may antagonize PTPζ-mediated adhesion to
NgCAM. The second study demonstrated that adhesion of an astrocytoma cell line to
tenascin, another PTPζ ligand, could be abolished using any Fc fusion proteins containing
the FNIII repeat of PTPζ [70]. Given that both ZA- and ZB-ECD fragments contain the
FNIII repeat, this again suggests a possible antagonistic function for these fragments in
glioma and astrocytoma cell adhesion and the promotion of tumorigenesis.

EXPLOITATION OF ADHESIVE PEPTIDES FOR MOLECULAR
RECOGNITION OF TUMOR-DERIVED CLEAVED EXTRACELLULAR
FRAGMENTS
PTPμ peptides in GBM

While the function of the shed PTPμ- and PTPκ-ECDs is not currently known, Burden-
Gulley et al. demonstrated that the shed PTPμ-ECD remains in the vicinity of the GBM
tumors [53]. It was hypothesized that analysis of the location of the shed PTPμ-ECD can be
used to identify the tumor margin [53]. PTPμ is a homophilic binding protein that requires
both its MAM and Ig domains to mediate cell-cell adhesion [15, 71–74]. The crystal
structure of PTPμ’s extracellular domain has been solved [72, 73]. Based upon the surface
exposed regions of the MAM and Ig domains, we devised peptides that were likely to be
involved in homophilic binding [53]. Our rationale is that endogenous full-length PTPμ
would be fully engaged in adhesion and unlikely to bind to an exogenous low affinity
peptide. However, an extracellular fragment of PTPμ that is no longer tethered to the plasma
membrane could theoretically bind an exogenous peptide that mimicked the regions
involved in homophilic binding. To test this hypothesis, fluorescently tagged peptides
capable of binding to PTPμ-ECD were injected intravenously in mouse xenograft tumor
models. Two of the peptides designed were empirically determined to recognize the ECD of
PTPμ in tumors in the animal within 2 minutes following tail vein injection [53]. These
peptides were highly effective at demarcating the main tumor and its edges in both mouse
flank tumors and intracranial glioma tumors [53]. Furthermore, these peptides crossed the
compromised blood-brain barrier to bind intracranial tumors within 20 minutes. These data
indicate that the peptides might be of clinical utility in imaging tumors due to this fast
molecular recognition time frame. These data demonstrate that PTPμ-ECD shedding occurs
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preferentially in the tumor microenvironment and can be utilized as a novel means of
identifying the tumor and its margin.

Both PTPκ and PTPρ have been implicated in cancer progression [35, 55, 75]. Shed PTPκ is
found in the conditioned media of colon cancer cells [35]. Given the structural and sequence
similarity between all type IIb RPTPs [73], it is likely that PTPρ and PCP-2 may also be
cleaved in cancer cells. PCP-2 does not mediate homophilic cell-cell adhesion [17], so the
function of its putative secreted ECD is unclear. PTPρ, like PTPμ and PTPκ, does mediate
homophilic cell-cell adhesion [16, 76]. Using our knowledge of the function and structure of
the type IIb RPTPs [17, 73], similar fluorescent peptides could be developed to determine
whether their shed ECDs are also preferentially located in tumor microenvironments, as
suggested [53].

Design of molecular diagnostics to LAR ECD fragments
A number of studies have used antibody technology to evaluate LAR protein expression in
cancer cell lines and tissues [39, 40, 43, 44]. Again, these strategies do not distinguish
between full-length LAR and LAR fragments. To design molecular diagnostics like the ones
developed for PTPμ, we need to compare what is known about ligand binding interaction
domains and surface exposed residues of LAR. Of the type IIa RPTPs, only a LAR splice
variant is able to mediate homophilic binding leading to the promotion of neurite outgrowth
and/or cell adhesion [8, 9]. This 11kD isoform, termed LARFN5C, encodes a short protein
that contains in its ECD a novel N-terminus and only a small portion of the fifth FNIII
repeat [9]. Therefore, LAR homophilic binding requires either a novel sequence contained in
LARFN5C or part of its fifth FNIII repeat. Peptides designed to these regions could be used
similarly to the ones we designed for PTPμ (Figure 1).

LAR binds heterophilically to the laminin-nidogen complex and to NGL-3 [4, 6]. LAR
binding to laminin-nidogen occurs only with a splice variant missing 9 amino acids within
the fifth FNIII repeat of LAR [6], whereas binding to NGL-3 requires the first 2 FNIII
repeats [4]. It is interesting to note that two ligand interactions of LAR are dependent on
changes within the fifth FNIII repeat, suggesting that this is an important part of the
molecule for mediating interactions. This information combined with crystal structure
analyses of the LAR ECD to identify surface exposed residues, could be used to design
peptides to bind to the shed LAR ECD, as has been demonstrated for PTPμ [53].

Design of molecular diagnostics to PTPδ and PTPσ fragments
PTPδ mediates bead binding, Sf9 cell aggregation, neuronal adhesion, and promotes neurite
outgrowth all in a homophilic manner [8]. The domains in the ECD of PTPδ that are
responsible for homophilic binding, however, have not been characterized. PTPσ has not
been shown to mediate homophilic binding. Heterophilic interactions have been documented
for both PTPδ and PTPσ. PTPδ and PTPσ bind heterophilically to NGL-3 via their first two
FNIII repeats [4]. PTPσ binding to unidentified heterophilic ligands within the chick visual
system depends on both the Ig and FNIII repeats of PTPσ [7]. Future crystal structure
analyses of both the receptors and ligands will be beneficial for the development of peptides
capable of interacting with shed ECDs of these RPTPs. Based on binding experiments, the
Ig and FNIII repeats of PTPδ and PTPσ are both likely to be important targets.

Design of molecular diagnostics to PTPζ fragments
Molecular diagnostic tests have been used to evaluate the expression of PTPζ in tumor
tissue [62, 64, 65, 70]. Using antibodies generated to the ECD of PTPζ-B, Foehr and
colleagues identified that PTPζ is over-expressed in a number of different cancer tissues
[62]. Furthermore, one PTPζ antibody linked to the toxin saporin is effective at killing
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cancer cells in vitro and significantly decreasing tumor volume and tumor morbidity in a
mouse U-87 MG subcutaneous glioma model [62]. Using Fc chimera fusion proteins of the
FNIII repeat of PTPζ, Adamsky et al. demonstrated that a high level of PTPζ bound to
GBM and astrocytoma cells [70]. Antibodies to the C-terminus of PTPζ have also been used
to evaluate protein expression in tumors [64, 65]. These assays do not distinguish between
full-length and potentially cleaved variants of PTPζ. Nevertheless, they do demonstrate the
utility of tumor targeting with molecular agents that recognize RPTP extracellular
fragments.

To design novel molecular diagnostic agents for PTPζ, we can exploit what is currently
known about the binding domains between PTPζ and its heterophilic ligands. For example,
PTPζ binds to contactin1 via its carbonic anhydrase-like (CA) domain [20, 21]. Binding to
NCAM, NgCAM/L1, and NrCAM requires the unique spacer region of PTPζ found
between the CA and FNIII repeat [20]. PTPζ binding to tenascin requires its FNIII repeats
[70]. Finally, pleiotrophin and midkine bind to chondroitin sulfate sugars in the PTPζ spacer
region [24, 77]. In theory any of these interaction domains in either the receptor or the
ligand could be targeted to design heterophilic ligand-binding peptides that recognize the
PTPζ –ECD (Figure 2).

The crystal structure of the carbonic anhydrase domain of PTPζ has recently been
determined [78]. A crystal structure of the interface between the CA domain of the PTPζ
subfamily member, PTPγ, and its ligand, contactin4 (BIG-2) was also characterized.
Notably, the same domains are involved in binding between PTPζ and contactin1. Using the
now characterized surface exposed residues of the PTPζ-CA domain that is necessary for
the PTPζ-contactin1 binding interface, heterophilic binding peptides could be designed to
identify shed PTPζ-ECDs.

CONCLUSIONS
As CAMs and tyrosine phosphatases, RPTPs have the ability to influence cell adhesion and
cell signaling. Proteolysis of full-length RPTPs to release a shed ECD capable of ligand
binding and a membrane freed ICD capable of dephosphorylating tyrosine residues would
have a significant impact on their biological function. First, the cleavage and shedding of
RPTP ECDs could reduce cell-cell or cell-matrix adhesion mediated by the intact full-length
receptors. Second, the shed ECD may antagonize cell-cell or cell-matrix adhesion by
“occupying” the adjacent transmembrane receptor. Third, the shed ECD may be able to
activate distinct signals by occupying different receptors on other cell types. Fourth, when
associated with components of the extracellular matrix, the shed ECD may form a new
substrate to promote cell migration. Finally, the released ICD fragment will change from a
membrane-bound enzyme to a cytosolic/nuclear-localized enzyme, with the potential to
interact with novel signaling partners.

Although only a handful of RPTPs thus far have been shown to be cleaved, given the
sequence similarity between subfamily members, we believe that this may be a more
generalizable phenomenon. We propose that the cleavage of RPTPs is an important step in
tumor progression. Techniques such as the use of fluorophore or MRI contrast-tagged
homophilic or heterophilic binding peptides that are capable of interacting with shed RPTP
ECDs may be extremely useful in delineating tumor margins, the tumor microenvironment
and targeting tumor tissues.

The excitement around the discovery of shed ECDs in cancer is the potential for specific
molecular recognition of tumors. Detection of the shed ECDs could be exploited in a
number of paradigms in cancer. First, the shed ECDs could be used in non-invasive
molecular imaging strategies to detect the main tumor. Second, the shed ECDs could be
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used to mark the invading the tumor margin and the tumor microenvironment thus
enhancing surgical resection of the invasive edge of tumors. Third if the detection of shed
ECDs permits tumor cell recognition, then they can also be used for molecular targeting of
tumor cells to deliver therapeutics. This last theory is summarized by the exciting concept
“If we can see the tumor we can destroy the tumor”.
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Figure 1.
LAR cleavage. The type I transmembrane protein LAR RPTP is composed of 3 Ig domains
and 8 FNIII repeats in its ECD and two tandem tyrosine phosphatase domains in its ICD. It
is cleaved by a furin-like endoprotease in the Golgi to yield a 150kDa E-subunit and an
85kDa P-subunit that remain non-covalently attached (S1) [36, 37]. In response to phorbol
esters, high cell density, or calcium ionophores, a 150kDa segment of the LAR ECD is
cleaved at the plasma membrane (PM) and shed by ADAM-17/TACE (S2) [40]. The γ-
secretase complex then cleaves the transmembrane domain of LAR to yield a 70kDa
membrane-free fragment, LAR-ICD, which is capable of translocating to the nucleus (S3)
[31]. Molecular diagnostics like the ones used to identify extracellular PTPμ fragments in
GBM tissue could be designed to bind to the heterophilic [4, 6] and homophilic [9] binding
sites on LAR, as indicated by the magenta stars.
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Figure 2.
PTPζ cleavage. The PTPζ-A and –B isoforms are cleaved in a similar manner. For
simplicity’s sake, cleavage of PTPζ-B is shown. The ECD of PTPζ-B consists of a CA
domain, an FNIII repeat, and a unique spacer region. S1 cleavage by either MMP-9 or
ADAM-17 at the plasma membrane (PM), yields an 180kDa shed ZB-ECD [30]. S2
cleavage by γ-secretase yields the 73kDa ZB-ICD, which is found both in the cytosol and
nucleus [30]. Molecular diagnostics, indicated by the magenta stars, could be developed to
bind to the contactin1-binding site in the CA domain [78], the NgCAM, NCAM, NrCAM
binding site in between the CA and FNIII repeat [20], the tenascin binding site in the FNIII
repeat [70], or the pleiotrophin binding site in the spacer region [24].
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