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Abstract

Reversible protein phosphorylation plays a pivotal role in intercellular communication. Together
with protein tyrosine kinases, protein tyrosine phosphatases (PTPs) are involved in the regulation
of key cellular processes by controlling the phosphorylation levels of diverse effectors. Among
PTPs, receptor-like protein tyrosine phosphatases (RPTPs) are involved in important
developmental processes, particularly in the formation of the nervous system. Until recently, few
ligands had been identified for RPTPs, making it difficult to grasp the effects these receptors have
on cellular processes as well as the mechanisms through which their functions are mediated.
However, several potential RPTP ligands have now been identified to provide us with unparalleled
insights into RPTP function. In this review, we will focus on the nature and biological outcomes
of these extracellular interactions between RPTPs and their associated ligands.
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Protein tyrosine phosphatases (PTPs) are enzymes, which, alongside protein tyrosine kinases
(PTK), play a crucial role in the regulation of cellular protein tyrosine phosphorylation
levels. Receptor-like protein tyrosine phosphatases (RPTPs) were first discovered in the late
1980s [1]; there are now 39 human PTPs grouped into 17 subtypes, of which 22 are RPTPs
grouped into 8 subtypes [2] (Figure 1). Structurally, (RPTPs) consist of one or two highly
conserved intracellular phosphatase domains and an extracellular portion, which is variable
across different subtypes. The extracellular domains of most RPTPs have a modular
architecture reminiscent of that found for cell-adhesion molecules (CAMS) and are involved
in cell-cell and cell-matrix interactions (Figure 1) [3]. Driven by the impetus to understand
the biological functions and signaling properties of these receptors, many groups worked to
identify putative ligands for RPTPs to identify the extracellular cues to which they respond.
Historically, these investigations have proven challenging, in contrast to the relative facility
with which ligands of PTKs were identified, and to this day most RPTPs remain orphan
receptors. An additional challenge presents itself when we consider the possibility that not
all RPTPs interact exclusively with ligands, but rather initiation of downstream signaling
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events might be mediated through homophilic interactions, as a number of RPTPs are
capable of homophilic binding.

A second major obstacle to understanding RPTP function is that it is difficult to discern a
single model for the regulation of their phosphatase activity. Initially, a mechanism of RPTP
regulation was proposed based on the crystal structure of the membrane-proximal domain of
RPTPa (encoded by PTPRA). In this structure, two PTP domains are organized in
symmetrical dimers so that an inhibitory motif of one domain, called a wedge, occludes the
active site of another domain [4]. This finding came on the heels of experiments that
demonstrated that the phosphatase activity of a chimera of the EGF receptor ectodomain
fused with the intracellular region of CD45 (PTPRC) could be inhibited upon EGF binding
[5] and led to the hypothesis that RPTPs could be regulated by a dimerization/inhibition
mechanism. Subsequently, however, the structure of the catalytic domain of RPTPu
(PTPRM) did not reveal dimers similar to the one formed by RPTPa. [6] and the structures
of the tandem phosphatase domains of LAR (P7PRF) and CDA45 indicated that the
placement of the D2 domain is incompatible with the arrangement of the D1 domains in the
RPTPa dimer [7, 8]. The final twist in the regulation of phosphatase activity by
dimerization came from the crystal structure of the D1D2 region of RPTPy (PTPRG)in
which the active site is occluded by formation of the dimer interface [9] so that the
phosphatase activity is regulated by modulating the availability of the active site [10].

There still are gaps in our understanding of RPTPs and their ligands, but recent work has
provided us with novel insights into this mysterious group of receptors. In this review, we
will describe some of these recent advances and introduce the various ligands of RPTPs
described thus far and the effects they have on downstream signaling pathways.

|. Heterophilic interactions
RPTPg and Pleiotrophin

RPTPC (PTPRZ1) occupies a special place in the phosphatase field. Indeed, it is the first
RPTP for which a heterophilic ligand was discovered (contactin, see below). Yet perhaps
more importantly, RPTPC is an RPTP for which a link between ligand-dependent
dimerization and inhibition of the intracellular tyrosine phosphatase activity has been clearly
established. A decade ago, Meng and colleagues reported that the heparin-binding growth
factor pleiotrophin (PTN) interacted with the extracellular region of RPTPC and that this
interaction led to a decrease in the intrinsic tyrosine phosphatase activity of RPTPC [11].
Furthermore, it was later shown that PTN induced the formation of RPTPC oligomers, which
was again accompanied by a loss of phosphatase activity in cells [12]. What are the
physiological consequences of interactions between PTN and RPTPC? In cells transfected
with RPTPC, phosphorylation of its endogenous substrate G protein-coupled receptor
kinase-interactor 1 (Gitl) was increased following treatment with PTN establishing a direct
link between PTN binding, RPTPC oligomerization and decreased phosphatase activity [12].
Moreover, addition of PTN to U373 cells, a glioblastoma cell line that expresses RPTPC,
leads to increased levels of phosphorylated p-catenin, thereby impairing the association
between B-catenin and N-cadherin and disrupting adherens junction complexes [11, 13].
Importantly, these PTN/RPTPC-induced changes culminate with an epithelial-mesenchymal
transition in U373 cells, which is consistent with the finding that knockdown of RPTPC
expression in glioblastoma cells prevents their migration after treatment by PTN [14].

Interestingly, the effect of the PTN/RPTPC complex on cell migration has been linked to
integrin a.,B3 [15]. Integrins are heterodimers consisting of both an a and B subunits that
mediate various processes such as cell adhesion, migration and differentiation [16].
Although PTN was shown to induce migration of endothelial cells via interaction with
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RPTPC [17], further experiments demonstrated that RPTPC-expressing cells, when
stimulated with PTN, did not migrate as readily and that loss of RPTP( led to pleiotrophin-
mediated adhesion and migration [18]. However, cell migration could be observed when
a3 was expressed with RPTPC, in line with the finding that integrin a.,B3 directly
interacts with PTN and RPTPC, and is required for PTN-induced phosphorylation of the 3
subunit [15]. A possible explanation for these observations is that the phosphatase activity of
RPTPC is attenuated via interaction with integrin a.,f3, thereby allowing for PTN-induced
migration to occur.

RPTP{/RPTPy and the contactins

The type V subgroup of RPTPs includes the two homologues RPTPy and RPTPC, which are
implicated in axon guidance and neurite outgrowth [3]. RPTP+y is involved in chick spinal
cord neurogenesis, where it is important for the proliferation of neuronal precursors and
motor neuron precursor migration [19]. It is also expressed in mouse sensory neurons and
organs, but its deficiency is not associated with any significant defects of development [20].
Both RPTPs are expressed in the developing and adult brains of vertebrates [21].
Structurally, the extracellular portion of RPTPy and RPTP( is comprised of a carbonic
anhydrase-like (CA) domain and a single fibronectin type 111 (FNIII) domain; the
intracellular portion consists of two phosphatase domains [22, 23]. Though similar in
structure, RPTPC and RPTP-y are expressed by different cell types of the CNS and have
different effects. RPTPC is expressed by astrocytes and oligodendrocytes as well as a subset
of neurons, while RPTPvy is predominantly found on neurons [21].

The first binding partner reported for RPTPC is the cell-adhesion molecule contactin 1
(CNTNZ1) [24], a member of the contactin protein family of neural recognition molecules.
Contactins are extracellular neural immunoglobulin (Ig) domain-containing CAMSs, which
are composed of six N-terminal Ig domains, four FNIII domains, and a C-terminal
glycophosphatidylinositol anchor. Contactins are expressed during the various stages of
neural development and in the adult brain [25]. The identification of CNTNL1 as the binding
partner of RPTPC along with the high degree of homology within the contactin family
suggested that other contactins could also bind RPTPC or RPTP-y. Affinity binding assays
have shown that RPTPy binds CNTN3, 4, 5 and 6, while RPTPC binds only CNTN1 [21].

In spite of this distinct binding specificity, both RPTP( and RPTP-y use their homologous
CA domains to form a complex with contactins. The crystal structure of the mouse
CNTN4!914/RPTPyCA complex has revealed that the interaction between these two
molecules is mediated mostly by the p-hairpin loop of the RPTPy CA domain and the Ig
domains 2 and 3 of CNTN4, which adopt a horseshoe—like conformation. The two strands of
RPTPyCA B-hairpin combine with three antiparallel strands of CNTN4'914 to form a 5-
strand antiparallel B-sheet and amino acid residues in the hairpin region make key contacts
with CNTN4 residues [21]. All the CNTN4 residues which mediate the binding interactions
within the binding site are conserved in CNTN3, 5, and 6 [21], so it is likely that RPTPy
uses a similar binding mode to interact with these receptors. Given the similarities between
CNTN1 and CNTN4 on one hand and RPTPy and RPTP( on the other hand, it was
predicted that the structure of the CNTN1/RPTP( complex would be similar to that of the
CNTN4/RPTPy complex. The crystal structure of CNTN1'923/RPTPCCA indeed shows this
to be the case: Ig domains 2 and 3 of CNTN1 adopt a horseshoe-like conformation which
bind to the B-hairpin loop of RPTP( [26]. The binding sites in the CNTN1/RPTP( and the
CNTN4/RPTPy complexes overlap completely and the strict specificity observed between
CNTN1 and RPTPC can be solely explained by amino acid substitutions at the complex
interface in both RPTPC and CNTN1.
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The physiological roles of the interactions between RPTPs and CNTNSs are still not fully
understood. It has been shown that RPTPC, which is expressed on the surface of glial cells,
is able to bind CNTN1 expressed on the surface of axons. This interaction appears to be
important in the promotion of neurite outgrowth and glial adhesion [19]. Recent
investigations also suggest that the formation of the complex between the soluble form of
RPTPC (phosphacan) and CNTN1 expressed on the surface oligodendrocyte precursor cells
(OPCs) regulates the proliferation of these cells. The existing model suggests that at first,
phosphacan binds CNTNZ1 expressed on the surface of OPCs, thereby inhibiting OPC
proliferation. As the expression of phosphacan decreases, OPCs differentiate into immature
oligodendrocytes that express less CNTNL1. Finally, the phosphacan/CNTN1 complex is
replaced by another complex, which consists of transmembrane RPTPC on the surface of
glial cells and CNTN1 on the surface of axons. This complex is believed to promote the
differentiation of oligodendrocytes and the ensheathment of axons [26]. In this model,
soluble RPTPC is at first a ligand for CNTN1, later trading roles with CNTN1 acting as a
ligand of transmembrane RPTPC (Fig. 2). In addition, using cultures lacking RPTPC, the CA
domain of PTPRZ engagement of OPC CNTN1 is sufficient to repress OPC proliferation,
while engagement with the domains CAFS (carbonic anhydrase-like (CA), fibronectin type
I11 (F), and the spacer (S) domains) is needed for a differentiation-inducing signal that
partially restores the morphological maturation of oligodendrocytes [26]. These results
indicate that the FS (fibronectin type 111 and spacer) domain of RPTPC is required to recruit
differentiation-inducing molecules. For example, tenascins bind to phosphacan and CNTN1
[27] and play a role in oligodendrocyte development [28, 29] and thus could be implicated
in the function of the RPTPC-CNTN1 complex in oligodendrocyte differentiation (Figure 2).

Our understanding of interactions between CNTN1 and RPTPC and the various CNTNs and
RPTP-y continues to expand. However, there is still much work that can be done towards
furthering our understanding of the expression profile of these molecules, their interactions,
and the resulting effects of such interactions on cell growth and development.

Type lla RPTPs, Heparan sulfate and chondroitin sulfate

Type lla RPTPs were the first family members shown to be involved in the development of
the nervous system and probably are the best characterized family of RPTPs. Pioneering
work showed that the sole Drosophila type Ila RPTP called leukocyte-antigen related
receptor (Dlar) is involved in the guidance of motor axons [30] and later work demonstrated
that Dlar mediates the formation of synapses at the neuromuscular junction [31]. Dlar and its
vertebrate homologues LAR, RPTPS (PTPRD) and RPTPo (PTPRS) all include a cell
adhesion molecule-like extracellular domain that includes three N-terminal Ig domains and
eight to nine FNIII repeats as well as tandem intracellular tyrosine phosphatase domains.
Mice deficient for type Ila RPTPs exhibited developmental abnormalities, decreased brain
size, impaired learning ability, tremors and spastic movements, as well as decreased
conduction velocity of peripheral nerves [32-36].

The first report of potential binding partners for a type Ila RPTP identified the heparan
sulfate proteoglycans (HSPGs) agrin and collagen XVI11 as ligands for chicken RPTPo [37].
Interestingly, binding was entirely mediated by the glycosaminoglycan chains and affinities
measured were in the nanomolar range. Subsequently, it was reported that fly syndecan and
dally-like protein function as ligands for Dlar in vivo during the formation of neuromuscular
junctions with dissociation constants in the nanomolar range [31, 38]. Syndecan and dally-
like protein bind competitively to the N-terminal 1g region of Dlar, yet mediate distinct
physiological outputs: syndecan expressed on the same cell as Dlar promoted normal
synapse growth whereas dally-like protein found on an opposing cell antagonized the
activity of LAR and led to the formation of stable synapses, which is mediated by the
dephosphorylation of Enabled (Ena), an actin regulatory protein, by Dlar [31].
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Similarly, further analysis of the function of RPTPo in vivo demonstrated that interactions
with proteoglycans mediate drastically distinct biological outcomes. In addition to HSPGs,
RPTPo binds to chondroitin sulfate proteoglycans (CSPGs) with dissociation constants
comparable to those measured for HSPGs [39]. Importantly, however, interactions between
HSPGs and RPTPa mediate axonal growth whereas interactions with CSPGs inhibit it [40].
Both glycosaminoglycan chains bind to a basic region in the first Ig domain of RPTPo that
is conserved in Dlar and vertebrate type Ila RPTPs [37, 39-41], yet they exert opposite
control on the oligomeric state of RPTPa, as binding to heparan sulfate (HS) chains, but not
to chondroitin sulfate (CS) chains, induces the clustering of the extracellular region of
RPTPo [40]. Even though the composition of CS and HS chains differ significantly,
structural analyses of Ig domains 1 and 2 of RPTPa indicate that differences in carbohydrate
composition and in sulfation could be accommodated by a flexible loop in the
glycosaminoglycan-binding site of RPTPa [40].

Since CSPGs and HSPGs are both present at the cell surface, the mechanisms underpinning
their opposite biological functions are particularly interesting. Changing ratios of HSPGs
versus CSPGs could mediate the differential clustering of RPTPo, which would in turn alter
the distribution of tyrosine phosphatase activity at the cell surface [40]. Indeed, clustering of
RPTPo in response to HSPGs would presumably lead to a reduction of phosphatase activity
and the resulting increase in local tyrosine phosphorylation would favor the growth of
axons. Conversely, binding of RPTPo to CSPGs prevents RPTPao clustering and thus also
prevents inhibition of phosphatase activity and increased local tyrosine phosphorylation,
leading to prevention of axonal growth (Figure 3). Furthermore, binding of HS chains
displayed on the same cell as RPTPo would be responsible for growth activation whereas
the CSPG ligands would be found on an apposing cell [40], a situation which echoes the
findings obtained for Dlar with syndecan and dally-like protein [31].

The association of RPTPa with both CSPGs and HSPGs illustrates an interesting property of
RPTPs compared to receptor tyrosine kinases (RTKs). Whereas RTKSs tend to form discrete
dimers in the presence of ligands, RPTPs could cluster in response to their cognate partners.
This reorganization of the RPTP population could lead to, at the very least, a redistribution
of phosphatase activity on the cell or even a complete inhibition of phosphatase activity.
Because the first two Ig domains of LAR and RPTPS are close structural homologues of
those of RPTPa and contain an essentially identical glycosaminoglycan-binding site [40,
41], it is tempting to speculate that they too bind to both HSPGs and CSPGs during
neurogenesis. However, the specific roles that proteoglycans play in the physiological
function of LAR and RPTPS& remain unclear.

Although critical, HSPGs and CSPGs are not the sole physiological binding partners of type
Ila RPTPs, and recent work has identified non-proteoglycan ligands that would mediate
adhesive interactions important for the organization of the synapse. The leucine-rich repeat
molecule netrin-G ligand-3 (NGL3) binds to all three vertebrate type Ila RPTPs during the
formation of excitatory synapses [42, 43]. In contrast to proteoglycans, NGL-3 binds to
FNIII repeats 1 and 2 of LAR, RPTPS and RPTPa, thus illustrating that physiological
functions of type lla RPTPs can be mediated by distinct modules found in the extracellular
regions of these receptors. Although they involve an identical ligand, the biological outputs
of the synaptic adhesion complexes formed by NGL-3 and individual type lla RPTPs are
distinct. Interaction of LAR and RPTPg with NGL-3 induces postsynaptic clustering of
PSD-95 and promotes bidirectional formation of synapses in contrast to the NGL-3/RPTP&
complex, which favors only pre-synaptic differentiation in one direction [42]. It is
noteworthy that binding of both LAR and RPTPao resulted in clustering of PSD-95, which
might indicate that LAR and RPTPao themselves form clusters upon binding to NGL-3 and
could thus lead to changes in dephosphorylation reminiscent of the effect of HSPG binding
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to RPTPo. In such a case, differential clustering of receptors could once again account for
the full spectrum of physiological processes mediated by type Ila RPTPs. On the other hand,
bidirectional synaptic organization can also be mediated by the formation of a complex
between the non-catalytic form of the neurotrophin receptor tyrosine kinase TrkC and
RPTPo [44]. The two molecules bind with nanomolar affinities and formation of the
complex leads to a clustering of RPTPa, as was observed with NGL-3. In contrast to
NGL-3, TrkC does not interact with either LAR or RPTPS and the interaction with RPTPo
is mediated by the N-terminal 1g regions and not by FNIII domains 1 and 2 so that, in
theory, this interaction could compete with that of CSPGs and HSPGs. These recent studies
are a significant development because they demonstrate that RPTPa controls axonal growth
and synapse formation by binding to distinct ligands using several modules in its
ectodomain.

CD45 (RPTPc), RPTPk and Galectin -1 and -3

CD45 is the prototypical receptor protein tyrosine phosphatase and the first to have been
identified as such [45, 46]. It is highly expressed on all nucleated hematopoietic cells [47],
plays a crucial role in thymocyte development [47-49], and modulates signal transduction in
both T and B cells [50, 51] thereby influencing their survival and activation state. Various
isoforms of the extracellular domain of CD45 exist due to alternative splicing of consecutive
exons 4, 5 and 6 (termed A, B and C in the protein) [47]; these regions contain multiple sites
for O-linked glycosylation with CD45RABC being the most O-glycosylated isoform and
CDA45R0, which lacks all three exons, the least [52]. Other isoforms have been detected at
the protein level as well, including: CD45RB, RAB, and RBC [53]. The variable
glycosylation of the CD45 isoforms influences the size and shape, as well as the charge, of
the molecule, thus influencing ligand binding and, as a result, intracellular signaling [47, 54,
55]. The extracellular domain of CD45, following the variable regions, further consists of a
cysteine-rich domain followed by three FNIII domains [53, 56] that are heavily N-
glycosylated. The presence of these N-glycans are not only necessary for stability and
proper transport of the phosphatase to the cell surface [57], but also serve as binding sites for
galectin-1 [58, 59], macrophage mannose receptor, and CD22 [56]. Various molecules have
been described to interact with and bind to CD45; among these galectin-1 has been
described as a ligand for CD45.

The galectins are a family of B-galactoside-binding proteins [60] that contain conserved
carbohydrate-recognition sites. Galectins have distinct specificities and recognize various
galactose-containing glycans [61]. Some galectins are secreted and found in the extracellular
space, in spite of the absence of a signal sequence normally required for protein secretion
[62]. Out of the 15 known galectins, galectin-1 and -3 interact with two RPTPs: CD45
(RPTPc) and RPTPx (PTPRK), respectively.

Galectin-1 has been described as a ligand for CD45 expressed on T cells [63], playing a role
in regulating T cell death at various stages of thymocyte development and maturation [59].
Several binding sites are present on CD45 for galectin-1 [64] and, upon binding of
galectin-1 to the extracellular domain of CD45, clustering is induced [65] and the intrinsic
phosphatase activity is inhibited [56, 63, 66]. However, the outcome of the interaction
between CD45 and galectin-1 is dependent on the glycosylation state of CD45 as galectin-1
binds to lactosamine sequences on N- and O-glycans [58]. The specific glycan influences
the ability of galectin-1 to bind to and modulate CD45 phosphatase activity. For instance, in
cells expressing low molecular weight CD45, the presence of core 2 O-glycans are required
for galectin-1 binding and subsequent decrease in CD45 activity; however, the presence of
a2,6-linked sialic acids on N-glycans blocks galectin-1 binding [58].

FEBS J. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mohebiany et al.

Page 7

The ectodomain of RPTP«x, when cleaved from the cell surface, has been shown to mediate
cancer cell migration during cancer progression [67]. It was demonstrated that RPTPx is
cleaved by a secreted form of proprotein convertase 5 (PC5A) [68]. It was also shown that
RPTPx cleavage is modulated by galectin-3 binding protein, likely mediated through its
binding to galectin-3 [68]. Galectin-3 is a secreted glycoprotein, which recognizes the N-
glycans of RPTPx. It is structurally unique among the galectins and has two distinct
domains: the carbohydrate-recognition domain, and an atypical N-terminal domain required
for full biological activity and which may mediate formation of oligomers [69]. In its
interaction with RPTPx, whereas galectin-3 binding protein facilitates cleavage of RPTPx,
the presence of galectin-3 decreases the likelihood of RPTPx cleavage. Accordingly,
suppression of galectin-3 gene expression increases shedding of RPTP«x [68].

II. Homophilic interactions

RPTPp is a type Il RPTP that undergoes homophilic interactions, mediating cell-cell
aggregation [70-72]. Other RPTPs demonstrated to mediate homophilic binding include
RPTPS [73], RPTPx [72] RPTPA/PCP-2 (PTPRU) [74] and RPTPp (PTPRT) [75].
Structurally, the latter two tyrosine phosphatases are closely related and display similarity to
cell-adhesion molecules [70, 72, 74]. However, in spite of their structural similarity, these
RPTPs do not interact with each other heterophilically [70, 76].

Using transfected insect Sf9 cells expressing full-length RPTP, this molecule was
demonstrated to promote cell aggregation in a homophilic manner [71, 77] (Figure 4B),
independently of its phosphatase activity [71, 77] and of Ca2* [77]. Similarly, other
members of the same RPTP family (RPTPp, RPTP«x) mediate cell aggregation [72, 75, 78]
although RPTPA does not [76]. Homophilic interactions were shown to be mediated by the
Ig domain of the extracellular domain [71, 79]. In contrast, Zondag et al. showed the MAM
domain to be essential, although not sufficient, for homophilic interactions [70] in cisrather
than in frans [80]. However, more recent studies now show that the MAM, Ig and FN
domains are all required for dimerization interactions, with the MAM and Ig domains on one
molecule of RPTP interacting with the FN1 and 2 domains of the other [81, 82] (Figure
4A).

The effect of homophilic interactions beyond cell-cell adhesion and whether such
interactions also trigger phosphatase activity requires further investigation. Such an effect
does seem likely: RPTPw-mediated homophilic interactions have been shown to trigger the
rearrangement of axonal growth cones [83] (Figure 4B). Homophilic binding of RPTPu
leads to changes in the cytoskeleton thus affecting axon outgrowth, or repulsion, via tyrosine
phosphatase-dependent signaling [84]. On the other hand, the aggregation of Sf9 cells
expressing RPTPu did not result in significant changes in cellular phosphotyrosine levels
[71]. Another study, by Aricescu et al., describes RPTP as forming homophilic dimers in
trans, responsible for maintaining the spacing between cells. Such interactions and the
resulting clustering of various molecules and substrates at cell-cell contacts may act to ‘lock’
and concentrate phosphatase activity to a specific region [85].

In general, the homophilic interactions leading to dimerization of protein tyrosine
phosphatases may be a way to regulate the activity of the phosphatases. However, whether
this regulation is inhibitory or activating may depend on the RPTP under consideration. For
instance, the crystal structure of RPTPa indicates the presence of an inhibitory wedge that,
in the dimerized structure, reciprocally occludes the catalytic sites of the D1 domains [4,
86]. It seems CD45 may also be regulated in a similar fashion, undergoing c/s dimerization
thereby inhibiting enzymatic activity [87]. However, in the case of RPTPa, while it has been
shown to exist in a dimeric state, this interaction is not inhibitory. It is the dimeric form of
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this RPTP rather than the monomers which bind to extracellular ligands [88]. In this case,
dimerization still does regulate phosphatase activity, albeit an activating rather than
inhibitory regulation.

Whether the other RPTPs capable of homophilic interactions trigger, or inhibit, downstream
signaling is yet to be determined and further studies are warranted.

lll. Protein tyrosine kinases, substrates or ligands of RPTPs?

Protein tyrosine kinases (PTKSs) transmit extracellular signals and regulate various cellular
process which are initiated through dimerization, induced by ligand-binding, leading to
autophosphorylation [89, 90]. RPTPs can act as negative regulators of PTK signaling: for
example, RPTPO (RPTPO) can diminish NT-3-induced TrkC phosphorylation [91], RPTPC
exerts an influence on TrkA [92, 93], and RPTPB (PTPRB) dephosphorylates its substrate
Met, specifically at the binding site for several downstream effector molecules [94].

PTPRO is a neuronal type 111 RPTP which forms dimers in living cells, the formation of
which is most likely regulated by disulfide linkages [91]. This RPTP is co-expressed with
tropomyosin-related kinase (Trk) C in neurons of the sensory and cranial ganglia, the spinal
cord, and cortex [95] thus making TrkC a potential substrate for PTPRO. PTPRO is
regulated via ligand-induced dimerization; it was found that nerve growth factor (NGF)-
induced dimerization of the transmembrane and intracellular domains of a TrkC-RPTPO
fusion protein resulted in decreased PTP activity [91]. Neurotrophin-3 (NT-3) is a ligand for
TrkC and induces phosphorylation of the receptor; co-expression of TrkC with RPTPO leads
to TrkC dephosphorylation, reducing the degree of activation induced by NT-3 [91]. TrkC
also co-precipitates with PTPRO [91] indicating a physical interaction between these two
proteins exists and thereby supporting TrkC as a possible substrate for RPTPO. In mice
lacking full-length PTPRO, axon guidance from TrkC-expressing sensory neurons is
perturbed [96] indicating the importance of TrkC regulation by this phosphatase. Further
studies on the regulation and effect of PTPRO phosphatase activity are required.

Another Trk, TrkA, which is normally activated by NGF, also interacts with RPTPC. As
with all tyrosine kinases, TrkA becomes phosphorylated at specific tyrosine residues upon
ligand binding [97] thus recruiting and activating downstream signaling molecules.
Interacting with RPTPC leads to dephosphorylation of TrkA at two sites (Y674 and Y675)
[93], which are responsible for the regulation of Trk tyrosine kinase activity, thereby
modulating the sensitivity of cells to NGF [93]. However, while interaction with RPTPC is
responsible for the dephosphorylation of TrkA, this interaction itself is regulated by PTN,
which inactivates RPTPC.

We have already considered the interactions between PTN and RPTPC here. To complete
the picture, we will also examine the interaction of PTN and RPTPC with anaplastic
lymphoma kinase (ALK), another RTK. ALK has been proposed as a receptor for PTN [98-
100] and there are various reports to support this. One study demonstrates indirect activation
of ALK by PTN via RPTPC. They suggest that RPTPC dephosphorylates ALK, but upon
stimulation by PTN, RPTPC is inactivated, allowing ALK to retain an activated,
phosphorylated state [92]. Supporting this notion, PTN had opposing effects depending on
whether RPTPC or ALK was expressed. A loss of RPTPC led to pleiotrophin-mediated
adhesion and migration whereas loss of ALK resulted in an inhibition of migration [18].
Whether PTN directly interacts with ALK or indirectly via RPTPC, is still undetermined.

RPTPs regulate the phosphorylation state of various PTKSs, either directly or indirectly via
downstream signaling pathways. They themselves are regulated, via ligand-induced
dimerization, which attenuates phosphatase activity thus influencing the phosphorylation
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state of the PTKs with which they interact. These interactions are complex and do involve a
plethora of interactions between various PTKs and RPTPs, in addition to their respective
ligands, all of which contribute to the fine-tuning of the phosphorylation, and thus
activation, state of the proteins involved.

IV. Shedding of PTPs: generation of ligands?

Various RPTPs undergo proteolytic processing to generate different forms of the receptors;
the products of such processing may have unique roles and functions. Cleavage and/or
shedding of RPTP ectodomains may either modify phosphatase activity or may also be
implicated in the generation of ligands, as in the case of RPTP(C and phosphacan. Among
other effects, processing of PTPs may influence the subcellular localization, which has
implications in the regulation of their physiological roles [101, 102]. For instance, the
transmembrane form of RPTPe is involved with the down-regulation of insulin receptor
signaling [103, 104] among other functions, whereas the cytoplasmic form dephosphorylates
and down-regulates activity of delayed-rectifier potassium channels [103]. There are a
number of PTPs that undergo processing post-translationally. RPTPC, Type lla RPTPs LAR
and RPTPa, PTPRR (PTPRR) isoform RPTP-BR7, and RPTPa and RPTPe all have been
shown to undergo proteolytic processing, thereby modulating their roles [105-110].

LAR is composed of two subunits, one containing the extracellular domain and the other the
intracellular, phosphatase domains [110]. The extracellular portion is cleaved and shed
during cell growth, implicating shedding as a mechanism to regulate phosphatase function
[109, 110]. RPTPo also undergoes cleavage, resulting in shedding of the extracellular
domain. One study shows that in addition and subsequent to proteolytic processing and
cleavage, the intracellular portions of both LAR and RPTPo are internalized and relocated in
the cell, away from cell-cell contact zones, thereby further regulating phosphatase activity
[108].

There already are various isoforms under the PTPRR umbrella, of which PTPBRY7 is one.
This RPTP is located at the cell membrane, at vesicles and the Golgi apparatus [105]. It is
cleaved at the cell surface, undergoing proteolytic processing at its N-terminal [105].
Proteolytic processing of RPTP-BR7 may be triggered by extracellular factors and may
possibly depend on the MAPK cascade signaling [105]. It was noted that serum-starved cells
contained much greater numbers of uncleaved (GFP-tagged) RPTP-BR7 than their
counterparts grown in the presence of serum. Further experiments demonstrated only a
minor role for serum proteases; rather, a role for growth-factors is indicated in inducing
proteolytic cleavage, thereby potentially influencing the impact of RPTP-BR7 on MAPK
signaling pathways [105].

Finally, RPTPC, a strong CNS RPTP, undergoes proteolytic processing by plasmin (in the
mouse brain) [107]. It is suggested that cleavage of RPTPC is involved in functional
remodeling of synapses during learning and memory. Three isoforms exist due to alternative
splicing [111, 112]: RPTPC A, B and a secreted from, phosphacan. Plasmin has been
demonstrated to cleave the extracellular regions of the various isoforms of RPTPC at
multiple sites [107]. Since phosphacan expression peaks at P8 in the CNS, this mechanism
might generate another source of soluble RPTPC, phosphacan, later during development and
adulthood. Indeed, the authors of this latter study suggest that the extracellular processing of
RPTPC might result in a ligand with a role in reverse signaling, at the synapse [107].

IV. Concluding remarks

We can see that while much work has been done to deepen our understanding of the biology
behind RPTPs, there still remains much to be discovered. The ligands of the various RPTPs
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are yet to be described, the interactions they have with other molecules detailed, and their
overall role and effects in cellular processes to be clarified. Adding to the complexity, it is
not only protein-protein interactions that might have to be considered. The presence of
sugars, whether on the ligand or on the RPTPs themselves, seems to be implicated in some
way in the ligand-receptor interaction. Type lla RPTPs interact with HSPGs and CSPGs,
glycans are found on CD45 and RPTPx, and phosphacan contains CSPG, implicated in PTN
binding. Collaborative works with glycobiologists and using mice deficient in synthesis of
some glycans would be needed to further pursue this search.

We have considered here a number of molecules that interact with RPTPs and act as ligands
or as substrates. RPTP-ligand interactions result in modulation of downstream signaling,
affecting cellular processes, or may result in deactivation of the RPTP itself, in a manner
similar to the regulation of RTKSs. Again, the proteins potentially responsible have yet to be
definitively determined. However, while there still is much to be done, we do have the tools
and techniques available to be able to further elucidate and build our base of knowledge
concerning RPTP function and role. It is only a matter of time before the seemingly complex
and fairly unknown interactions of RPTP with ligand or substrate are no longer as
mysterious.
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[I Unknown/linker region

O Fibronectin type Ill domain
O Meprin/A5/RPTP. domain
C Immunoglobulin domain

O Carbonic anhydrase domain

[h Proteolitically processed
juxtamembrane segment

[0 Cadherin homology region
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Figure 1. Domain organization of human receptor protein tyrosine phosphatases

The eight families of RPTPs are shown here, many of which participate in various neural
processes such as neuronal survival, synapse formation, axon guidance and neurite
outgrowth (types lla, I1b, 111 and V) [3].
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Figure 2. Schematic model of PTPRz and itsligandsin OPC development

A. Ligands of PTPRZ. PTPRZ contains a carbonic anhydrase (CA) domain followed by a
fibronectin type 111 domain (F), a spacer (S) then a stretch of chondroitine sulfate
proteoglycan (CS) followed by a transmembrane domain and 2 intracellular phosphatase
domains. B. Structure of PTPRZ and CNTN-1. CNTN-1 is composed of 6 immunoglobulin
(1g) repeats and 4 FNIII domains. The 1g2-1g3 tandem repeats of CNTN1 adopt a horseshoe-
like conformation and bind to the CA domain of PTPRZ. C-D. Model of PTPRZ and
CNTN-1 function. Phosphacan binds to CNTN1 expressed by OPCs and inhibits
proliferation. As OPCs differentiate into immature OLG, CNTN1 and phosphacan levels
decrease at the surface of OLG (C). In a second step, the transmembrane isoform of PTPRZ
on OLG binds to the axonal CNTN1 (D), a complex probably needed for complete

myelination [26].
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Figure 3. Interactions of HSPG and CSPGswith the Typella RPTP, RPTPo

A, C. Interaction of HSPG with RPTPo. Interaction with HSPGs induces tetrameric
clustering of RPTPa. Such interaction results in the promation of neurite outgrowth. RPTPo
is found expressed at the growth cone in a punctate fashion. RPTPa expression is similar but
not identical to HSPG expression pattern. B, C. /nteraction of CSPG with RPTPo.
Interaction of CSPGs with RPTPo does not induce clustering of the RPTP. Neurite
outgrowth is inhibited. CSPGs are expressed by surrounding, non-neuronal cells.
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Figure 4. RPTPy interactions and effects

A. RPTPu and homophilic binding. Structure of RPTPp.: the ectodomain consists of four
FNIII repeats, an Ig domain, and the MAM domain. RPTPp can interact in ¢/sand in #rans.
B. Effects of RPTPw homaphilic interactions. (top) RPTPw-mediated homophilic
interactions have been shown to trigger rearrangement of growth cones [83]; with addition
of soluble RPTPp and subsequent homophilic binding, growth cones transition from
lamellipodia-dominant to fillipodia-dominant morphology. (bottom) Cells aggregate in
clusters, mediated by RPTPp interactions.
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