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ABSTRACT ReceptorProtein-Tyrosine Phosphatases (RPTPs) belongto the superfamily of protein-
tyrosine phosphatases and have the intrinsic ability to transduce signals across the cell membrane.
We are beginning to understand the role of RPTPs in development of invertebrates, due to elegant
genetic studies. In contrast, relatively little is known about the role of RPTPs in vertebrate
development. Signalling by RPTPs has predominantly been studied in mammalian cell systems,
which has led to important insights into potential ligands, into regulation of RPTP activity and into
potential RPTP substrates. Here, we will introduce the RPTPs, and discuss the function of the LAR-
subfamily of RPTPs. In addition, we focus on the function and signalling of the haematopoietic RPTP,
CD45. Finally, we will discuss the structure and function of RPTPalpha, the RPTP that is the subject

of our studies.
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Introduction

Protein phosphorylation on tyrosine residues is one of the main
eukaryotic cell signalling mechanisms, regulating cell proliferation,
differentiation, migration and transformation. Cellular protein
phosphotyrosine (P.Tyr) levels are regulated by the antagonistic
activities of the protein-tyrosine kinases (PTKs) and protein-ty-
rosine phosphatases (PTPs) (Hunter, 1995). Over the past two
decades much emphasis has been placed on elucidation of the
biological function of PTKs. This has led to good insights into the
function of PTKs in development and into the role of PTKs in cell
signalling, as well as into the working mechanism of PTKs (van der
Geer etal., 1994). Although our insights into PTP-mediated signal-
ling are not as good as into PTK-mediated signalling, it has been
established definitively that several PTPs play crucial roles during
development (reviewed by Van Vactor, 1998).

The Protein-Tyrosine Phosphatase superfamily

Following the purification of the first PTP, PTP1B (Tonks et al.,
1988b), and the identification of the first transmembrane PTP,
CD45 (Tonks et al., 1988a), at least 75 distinct PTPs have been
cloned on the basis of sequence homology in the catalytic domain
(reviewed by Neel and Tonks, 1997; Van Vactor et al., 1998). PTPs
have been identified in many different species, ranging from

bacteria to human. Random sequencing projects suggest that the
human genome encodes approximately 500 PTPs. All PTPs
contain a homologous catalytic PTP domain of approximately 240
residues. The sequence identity between any two PTP domains is
35% or higher, and the PTP domain contains the “PTP-finger-
print’—=sequence that defines PTPs, [I/V][HCXAGXXR[S/T]G, with
the absolutely conserved catalytic site cysteine (Fischer et al.,
1991). The catalytic site cysteine is required for catalysis, since a
cysteinyl-phosphate intermediate is formed during catalysis (Guan
and Dixon, 1991; Pot and Dixon, 1992).

The PTP superfamily is structurally distinct from the Ser/Thr
phosphatase family (Denu et al., 1996), and consists of “classical”
PTPs, dual specificity phosphatases (DSPs) and low molecular
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Fig. 1. The PTP superfamily. Schematic representation of the PTP
superfamily, including the “classical” PTPs, with cytoplasmic and trans-
membrane, “Receptor” PTPs (RPTP). The dual specificity phosphatases
(DSPs) and low molecular weight PTPs (LMW) are cytoplasmically
localized. A small part of the catalytic phosphatase domains from the
classical PTPs, including the fingerprint sequence with the catalytic site
cysteine, is conserved in the DSPs and LMW PTPs (red boxes).

weight PTPs (LMW PTPs) (Fig. 1). The “classical” PTPs can be
divided into two large groups, based on their overall structure, the
cytoplasmic PTPs and the transmembrane PTPs, which are tenta-
tively called Receptor PTPs (RPTPs). The DSPs and LMW PTPs
are divergent from the classical PTPs in that the DSPs and LMW
PTPs contain the PTP-fingerprint sequence with the catalytic site
cysteine, but lack most of the other sequences that are conserved
in the classical PTP domain (Fauman and Saper, 1996). Very little
is known about the role of LMW PTPs in cell signalling or develop-
ment. The DSPs dephosphorylate P.Tyr, P.Ser and P.Thr, and
contain very important family members, including the MAPK phos-
phatase, MKP-1 (Sun et al., 1993), the cell cycle phosphatases,
CDC25A, -B and -C (reviewed by Millar and Russell, 1992), and the
recently identified tumour suppressor gene, P-TEN (Li and Sun,
1997; Lietal., 1997; Steck et al., 1997). Recent evidence suggests
that PTEN not only dephosphorylates proteins, but also a lipid,
phosphatidylinositol 3,4,5-trisphosphate (Maehama and Dixon,
1998). In fact, lipid phosphatase activity is actually responsible for
the tumour suppressing activity of P-TEN (Myers et al., 1998). In
this review, we will focus on classical PTPs, in particular RPTPs.

Receptor Protein-Tyrosine Phosphatases

The RPTPs have been categorized based on their overall
structure, and at least six different types of RPTPs have been
defined (Fig. 2). Especially the extracellular domains are diverse,
ranging from very short (e.g. RPTPepsilon, 27 residues), to very
extensive (e.g. LAR). Many different protein modules have been
identified in the extracellular domains of RPTPs, including those
reminiscent of cell adhesion molecules (fibronectin type 111 [FNIII]-
like and immunoglobulin [Ig]-like domains [Streuli et al., 1989]). In
addition, the MAM (Meprin, A5-like, Mu) domain was identified in
the ectodomain of RPTPs (Beckmann and Bork, 1993), as well as
adomain with high homology to carbonic anhydrases (Krueger and
Saito, 1992) (Fig. 2). The ectodomains of some RPTPs are cleaved
off by specific proteases and remain bound extracellularly to the
cytoplasmic region of these PTPs (e.g. LAR [Streuli et al., 1992]).

In addition, these ectodomains may be shed, and thus may have
a function by themselves, acting as ligands, independently of the
catalytic activity of the RPTP. The most appealing function of the
ectodomains is that they may bind ligands that somehow induce an
alteration of the intracellular PTP activity. It is noteworthy that
ligand-induced dimerisation of chimeric epidermal growth factor
receptor (EGFR)-CD45 results in functional inactivation of the
RPTP CD45 (Desai et al., 1993), suggesting that RPTPs may
actually function as bona fide receptors, transducing extracellular
signals intracellularly.

The extracellular domain of RPTPs

The extracellular domains of RPTPs are diverse and may bind
to different classes of ligands. For instance, the cell adhesion
molecule CD22is alectin that interacts with CD45 through N-linked
alpha-2,6-sialylated oligosaccharides (Stamenkovic et al., 1991).
However, this interaction may be rather non-specific and whether
the CD45-CD22 interaction is physiologically relevant remains to
be determined. The first bona fide ligand that was identified for a
RPTP was the ectodomain of RPTPmu that interacts with itself in
a homophilic manner when expressed at high levels on apposing
cells (Brady-Kalnay et al., 1993; Gebbink et al., 1993). Similarly,
RPTPkappa interacted in a homophilic manner (Sap et al., 1994).
Detailed analysis of the interaction indicated that the MAM domain
and the Ig-like domain of RPTPmu are involved in the interaction
(Brady-Kalnay and Tonks, 1994; Zondag et al., 1995). Despite the
fact that RPTPmu and RPTPkappa are highly homologous, their
extracellular domains did not interact with each other, suggesting
that the interaction is highly specific (Zondag et al., 1995). The
extracellular domain of RPTPzeta/beta, and in particular the car-
bonic anhydrase-like domain, is aligand for the neuronal Contactin/
Caspr and Contactin/NrCAM receptor complexes (Peles et al.,
1995, 1997; Sakurai et al., 1997). Both membrane-bound and
soluble RPTPzeta/beta ectodomains bind and induce neurite
outgrowth of tectal neurons, suggesting that PTP activity is not
required for this effect. However, binding of the RPTPzeta/beta
ectodomain to Contactin/protein complexes may induce bidirec-
tional signalling, resulting in neurite outgrowth of the Contactin-
expressing celland a PTP-dependent, as yet to be identified, effect
in the RPTPzeta/beta expressing cell. Recently, the Laminin/
Nidogen complex was identified as a ligand for a specific isoform
of the RPTP LAR (O'Grady et al., 1998). Whether LAR activity is
regulated by binding to this complex remains to be determined, but
ligation of antibody to the extracellular domain induced internalisation
of LAR, suggesting that the net LAR PTP activity at the cell
membrane may be reduced by ligand-binding. In contrast,
homophilic interactions of RPTPmu at cell-cell contact sites leads
to accumulation of RPTPmu at these intercellular contact regions,
which led to the hypothesis that RPTPmu signals at sites of cell-cell
contact (Gebbink et al., 1995). Taken together, ligands have been
identified for several RPTPs, and ligand binding may affect the
amount of these RPTPs in (particular locations of) the cell, but
whether these interactions directly affect intracellular PTP activity
remains to be determined.

The intracellular domain of RPTPs

Most RPTPs contain two cytoplasmic PTP domains (Fig. 2). The
membrane proximal PTP domain of the tandem domain-containing
RPTPs, D1, contains the majority of the catalytic activity. More-



over, the catalytic activity of D1 is essential for the function of
several RPTPs (den Hertog et al., 1993; Desai et al., 1994; Kokel
et al., 1998). The membrane-distal domain, D2, contains residual
activity, or no activity at all (Wang and Pallen, 1991; Wu et al.,
1997). In fact, some RPTP-D2s lack the catalytic site Cys, e.qg.
RPTPgamma, and thus have no catalytic activity whatsoever
(Krueger et al., 1990). However, overall, the sequences of RPTP-
D2s are highly conserved in evolution. In addition, the 3D structure
of RPTPalpha-D2 is highly similar to the structure of RPTPalpha-
D1 (J. Noel and A. Bilwes, personal communication), suggesting
the RPTP-D2s have important functions. Mutation of only two
residues in RPTPalpha-D2 converts this domain into an active
PTP, with catalytic activity close to, or even exceeding, RPTPalpha-
D1 (Lim etal., 1998; Buist et al., 1999), demonstrating how closely
some RPTP-D2s resemble RPTP-D1s. It is unlikely that residual
RPTP-D2 activity is physiologically relevant. However, RPTP-D2s
may be involved in defining the substrate specificity of RPTP-D1s
by binding to substrates that are phosphorylated on multiple
residues, thereby presenting the P.Tyr-containing substrates to
RPTP-D1s (Hunter, 1998). Alternatively, RPTP-D2s may nega-
tively regulate RPTP-D1 activity. For instance, RPTPdelta-D2
binds to RPTPsigma-D1 and inhibits RPTPsigma-D1 activity,
presumably by blocking the catalytic site of RPTPsigma-D1 (Wallace
et al., 1998). In contrast, CD45-D2 binds to CD45-D1 in an
intramolecular fashion and CD45-D2 appears to activate CD45-D1
by disrupting CD45 D1-D1 homodimers (Felberg and Johnson,
1998). The role of RPTP-D2s in regulation of RPTP-D1s is com-
plex, since in RPTPalpha, D2 has neither positive nor negative
effects on D1 activity, in that the catalytic activity of RPTPalpha-D1
is indistinguishable from RPTPalpha-D1/D2, containing both cata-
lytic domains (Wu et al., 1997). In conclusion, RPTP-D1 catalytic
activity is essential for RPTP function and RPTP-D2 may play a
modulatory role by presenting substrates to RPTP-D1, or by
regulation of RPTP-D1.

Many RPTPs have been identified with a single PTP domain
(type llland type VI, Fig. 2). Obviously, these RPTPs do not require
a second PTP domain for regulation. Interestingly, some of the
single PTP-domain containing RPTPs, including IA-2, do not
display detectable PTP activity (Lu et al., 1994), suggesting that
these RPTPs do not function by dephosphorylation of cellular
substrates, butinstead may function by binding to P.Tyr-containing
proteins.

Regulation of RPTP activity

Little is known about regulation of RPTP activity. Many single-
membrane-spanning receptors are regulated by dimerisation (Weiss
and Schlessinger, 1998). For instance, receptor PTKs are acti-
vated by dimerisation. Conversely, the RPTPs may be negatively
regulated by dimerisation. Ligand-induced dimerisation of chi-
meric EGFR/CDA45 results in functional inactivation, suggesting
that dimerisation inhibits CD45 PTP activity (Desai et al., 1993).
Moreover, RPTPalpha-D1 formed dimers in two independent
crystal structures. The crystal structure of RPTPalpha-D1 dimers
suggests that they are inactive, since an N-terminal helix-turn-helix
wedge-like structure of one monomer inserts into the catalytic site
of the other monomer and vice versa, thereby blocking both
catalytic sites in the dimer (Bilwes et al, 1996). The wedge
sequences are conserved in RPTP-D1s, but not in RPTP-D2s or
cytoplasmic PTPs, suggesting that dimerisation-induced inhibition
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Fig. 2. Receptor Protein-Tyrosine Phosphatases. Six distinct types of
RPTPs have been defined, and a typical mammalian example of each type
is depicted. The identity of the different domains is explained in the key at
the bottom: FN lll-like, fibronectin type Ill-like, Ig-like, immunoglobulin-like,
MAM, Meprin-A5-Mu, CA-like, carbonic anhydrase-like; Cys-rich, cysteine-
rich; PTP, protein-tyrosine phosphatase.

is a general phenomenon of RPTPs. However, RPTPmu-D1
contains a wedge, but does not form dimers like RPTPalpha-D1
(Hoffmann et al., 1997). It is noteworthy that RPTPmu contains an
unusually long juxtamembrane region, suggesting that RPTPmu
may be regulated differently. As described above, CD45-D1
homodimerises in solution (Felberg and Johnson, 1998), and it will
be interesting to see whether the wedge blocks the catalytic sites
in the CD45-D1 crystal structure as well. Mutation of a single
residue in the wedge of the EGFR/CD45 chimaera abolishes
ligand-induced inactivation, suggesting that the wedge plays a
central role in regulation of RPTP activity (Majeti et al., 1998).

RPTP substrates and associated proteins

In order to fully understand the function of RPTPs, itis crucial to
know the identity of their substrates. Identification of specific RPTP
substrates is extremely difficult and not many substrate/RPTP
pairs are known. In vitro PTP assays, using phosphopeptides,
indicate that there is substrate-specificity among the RPTPs. In
addition, overexpression of RPTPs does not induce dephosphory-
lation of all P.Tyr-containing proteins, suggesting that RPTP-
mediated dephosphorylation is specific. Paradoxically, RPTPs
may enhance cellular P.Tyr levels, since several RPTPs dephos-
phorylate the inhibitory C-terminal P.Tyr residue in Src-family
PTKs, thereby enhancing their PTK activity. Src and Src-family
members are negatively regulated by Csk-mediated tyrosine phos-
phorylation of Tyr527 in its C-terminus (Nada et al., 1991). The
recently solved crystal structure of two Src-family members, Src
and Hck, demonstrates that phosphorylation of Src Tyr527 induces
an intramolecular “closed” conformation due to binding of the Src
SH2 domain to this P.Tyr527 residue, which is further stabilised by
the SH3 domain (Sicheri et al., 1997; Xu et al., 1997). Dephospho-
rylation of P.Tyr527 abolishes intramolecular SH2 domain binding,
leading to an “open”, active conformation. CD45 dephosphorylates
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and activates the Src-family members Lck and Fyn (Mustelin et al.,
1989; Ostergaard et al., 1989; Shiroo et al., 1992), while RPTPalpha
dephosphorylates and activates Src and Fyn (Zheng et al., 1992;
den Hertog et al., 1993; Bhandari et al., 1998). It will be interesting
to see whether different RPTPs dephosphorylate and activate
distinct sub-sets of Src-family PTKs, thereby conferring specificity.

The specificity of RPTP-mediated dephosphorylation of sub-
strates may be dictated by physical interactions between the
substrate and the RPTP. For example, the cadherin-catenin com-
plex binds to LAR-family PTPs, and beta-catenin is dephosphory-
lated in vitro by its associated PTP activity (Kypta et al., 1996).
Similarly, RPTPkappa binds to beta-catenin and plakoglobin
(gamma-catenin) in vivoand in vitro, and recombinant RPTPkappa
dephosphorylates beta-catenin (Fuchs et al., 1996). The interac-
tion between an RPTP and the cadherin-catenin complex was first
described for RPTPmu (Brady-Kalnay et al., 1995), but the interac-
tion between RPTPmu and cadherins has been the subject of
debate (Zondag et al., 1996). However, Brady-Kalnay et al. (1998)
recently provided definitive proof that RPTPmu indeed interacts
with cadherins. Whether RPTPmu plays arole in tyrosine dephos-
phorylation of the cadherin-catenin complex remains to be deter-
mined.

Not all RPTPs have to bind stably to their substrates and the
substrate-enzyme interactions may be highly transient and dy-
namic. A method that has been applied successfully to identify
substrates relies on the fact that subtle mutations in the catalytic
site of PTPs abolish PTP activity, and at the same time enhance
binding to specific substrates. This “substrate-trapping” procedure
has been used to identify substrates of several cytoplasmic PTPs
(Garton et al., 1996; Flint et al, 1997), but not RPTPs. The
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Fig. 3. Model for LAR signalling. DLAR is involved in axon pathfinding and
is genetically upstream of DRac. In mammals, the Laminin/Nidogen
complex binds to the ectodomain of LAR, and may act as a ligand for LAR.
The cytoplasmic domain of LAR binds to Trio, a multidomain protein that
contains a guanine nucleotide exchange factor domain for Rac, suggesting
that LAR may couple directly to Rac via Trio. Taken together, the genetic
evidence in Drosophila and the biochemical evidence in mammals sug-
gestsasimple linear pathway, linking LAR to Rac. However, many question
marks remain in this model, including the ones that have been indicated,
and it will be a challenge to elucidate the LAR signalling pathway.

combination of a substrate trapping procedure and analysis of the
phosphorylation state of candidate substrates in PTP knock-out
cell lines led to the identification of p130° and its family members
Hefl and Sin as specific substrates of the cytoplasmic PTP-PEST
(Cété et al.,, 1998). Similar substrate trapping procedures may
provide definitive proof as to the identity of specific, physiological
substrates of RPTPs, which is crucial for elucidation of the function
of RPTPs and will provide insight into the role of RPTPs in
development in vivo.
The function of RPTPs in vivo

Since PTPs counteract PTK activity, it has been speculated for
alongtime that RPTPs play an equallyimportantrole asthe RPTKs
in development. Recent conclusive evidence strikingly confirms
the importance of RPTPs in invertebrates (reviewed by Chien,
1996; Van Vactor, 1998; Van Vactor et al., 1998; see below). In
contrast, still relatively little is known about the role of RPTPs in
vertebrates. The expression patterns of many RPTPs have been
determined during vertebrate development. For instance, many
RPTPs are highly expressed in the developing brain (reviewed by
Stoker and Dutta, 1998), suggesting important functions for these
RPTPs during brain development. However, gene targeting of
several RPTPs disappointingly did not result in obvious develop-
mental phenotypes and thus did not reveal the function of these
RPTPs. For instance, RPTPalpha (J. Sap, personal communica-
tion), RPTPepsilon (A. Elson, personal communication), RPTPmu
(M.F.B.G. Gebbink, personal communication) and RPTPkappa
(Skarnes et al., 1995) have been knocked out or targeted other-
wise, which did not result in obvious developmental defects.
Moreover, knock-out of several other RPTPs, including LAR,
induced mild phenotypes at best (see below). Therefore, more
rigorous approaches may be required to elucidate the function of
RPTPs in vertebrates.

The function of the LAR-subfamily of RPTPs

The LAR-subfamily of RPTPs, i.e. the type IIA RPTPs (Fig. 2),
is defined by multiple FNIII-like and Ig-like domains in the extracel-
lular domain. The first transmembrane PTP that was reported in C.
elegans, Clr-1, belongs to the LAR-subfamily of RPTPs. Clr-1
contains two immunoglobulin-like domains and one FNIll-like
domain in its extracellular domain (Kokel et al., 1998), and there-
fore it most closely resembles Drosophila DPTP69D (see below).
Mutant embryos with mutations in clr-1 express the severe clear
phenotype that is characterised by extremely short, immobile and
infertile animals. In addition, their pharynx and intestine appears to
float within the pseudocoelom. Animals that are homozygous for
the most severe alleles die during larval development, but most
animals survive. Cir-1 was identified in a screen for suppressors of
the egl-15 hypomorphic mutant phenotype. Egl-15 encodes a C.
elegans fibroblast growth factor receptor (FGFR) (DeVore et al.,
1995). Cir-1 and egl-15 mutually suppress each other, suggesting
that this RPTP and this RPTK have opposing activities. Using null
alleles, it was clear that the clear phenotype of cir-1 mutants is
dependent on integrity of egl-15, while the phenotype of egl-15
mutants is not dependent on cir-1. Since catalytic activity of Clr-1
is required for its function, it is highly likely that Clr-1-mediated
dephosphorylation acts as a negative regulator of egl-15 signalling
(Kokel et al., 1998).



One of the firstindications that RPTPs play an important role in
development came from the expression pattern of three RPTPs in
Drosophila. DLAR, DPTP10D and DPTP99A are highly expressed
in the growth cones of motor neuron axons, suggesting that these
RPTPsare involved in axon guidance (Tian etal.,1991; Yang et al.,
1991). Recently, genetic evidence confirmed the importance of
RPTPsinaxon guidance, since Drosophila mutants were identified
with mutations in RPTPs that showed defects in axonal pathfinding
(Desai et al., 1996, 1997; Krueger et al., 1996).

In DLAR mutant embryos, the segmental nerve b (SNb) and
SNd axons bypass their normal muscle target region and continue
to extend distally along the common pathway, following the inter-
segmental nerve (ISN) (Krueger et al., 1996). DPTP69D and
DPTP99A are also highly expressed on motor axons. DPTP69D
mutant embryos show a complex axon pathfinding phenotype, but
DPTP99A mutant embryos do not. In DPTP69D mutant embryos,
the SNb axon stops growing before reaching its target muscle, or
it follows incorrect pathways and bypasses its target (Desai et al.,
1996). Comparison of the phenotypes of mutant embryos lacking
DLAR, DPTP69D, DPTP99A and combinations demonstrates that
these RPTPs have partially redundant functions and that specific
RPTPs are required for pathway decisions along the trajectories of
the ISN and SNb motor nerves. DPTP99A is involved in axon
pathfinding, even though DPTP99A mutant embryos show no
phenotypes, since the penetrance and the severity of the SNb
defects in mutant embryos that lack both DPTP69D and DPTP99A
is enhanced compared to DPTP69D mutant embryos (Desai et al.,
1996). Only in the triple mutant the SNb axon does not progress
beyond the first branch point, indicating that any of the three RPTPs
is sufficient for progression beyond this point (Desai et al., 1997).
It is noteworthy that these three RPTPs are only required for
pathway decisions of particular axons, since the SN root branches
(SNa and SNc) and central nervous system axons are relatively
normal in embryos lacking all three RPTPs (Desai et al., 1997).

Although it is clear that RPTPs play an important role in axon
pathfinding in Drosophila, the molecular mechanism underlying
the involvement of these RPTPs remains to be determined. It has
been demonstrated that the small GTP binding protein Rac is
genetically downstream of DLAR (Kaufmann et al., 1998). This
interaction may be mediated by Trio, a large multi-domain protein
that binds to human LAR and contains a Rac guanine nucleotide
exchange factor domain (Debant et al., 1996). It is noteworthy that
C. elegans UNC-73, which is closely related to vertebrate Trio,
specifically activates Rac and is required for proper cell and growth
cone migration, presumably through regulation of cytoskeletal
rearrangements (Steven et al, 1998). Taken together, these
genetic and biochemical data suggest that Trio couples LAR to
Rac. However, it is unlikely that the function of the Drosophila
RPTPs s limited to effects on Rac, since many other proteins have
been identified to interact with the cytoplasmic domain of LAR,
including LIP-1 and other Liprins (Pulido et al., 1995; Serra-Pagés
et al., 1998). In conclusion, it is not clear how DLAR is involved in
neuronal pathfinding, butintuitively, elucidation of the role of DLAR
in axon guidance will require identification of specific ligands or
binding proteins that interact with its extracellular domain.

Evidence that the extracellular domain of LAR is involved in
axon pathfinding comes from the leech, Hirudo medicinalis.
HmMLARZ2, the leech homologue of DLAR, is specifically expressed
on the growth cones of neurons during rapid outgrowth of these cell
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Fig. 4. CD45 potentiates T cell receptor signalling. CD45 dephosphory-
lates the inhibitory P.Tyr in the C-terminus of the Src family PTKs, Lck and
Fyn, thereby activating their PTK activity. The T cell receptor consists of
eight different proteins. The alpha-chain/beta-chain heterodimer binds
ligands, while the two CD3 heterodimers, CD3-gamma/CD3-epsilon and
CD3-delta/CD3-epsilon, and the TCR-zeta homodimer are signalling com-
ponents. Upon ligand binding, the signalling components are phosphory-
lated by active Lck and Fyn on Immunoreceptor Tyrosine-based Activation
Motifs (ITAMs). Phosphorylation of ITAMSs, in turn, provides binding sites
forthe SH2 domains of the PTK, ZAP-70. ZAP-70 translocates to the ITAMSs,
is phosphorylated on tyrosine (initially by Lck and subsequently through
autophosphorylation). Tyrosine phosphorylated, active ZAP-70 phosphory-
lates substrates, thereby initiating downstream signalling. CD45 plays a
crucial role in TCR signalling, since ligation of the TCR in cells that lack CD45
does not induce tyrosine phosphorylation of the ITAMSs, nor any of the
downstream events, due to the fact that Lck and Fyn are not activated in
such cells. The identity of the different domains is explained in the key at
the bottom: Ig-like, immunoglobulin-like,; FNIlI-like, fibronectin type Ill-like,
ITAM, Immunoreceptor Tyrosine-based Activation Motif; SH2, Src Homol-
ogy 2; PTP, protein-tyrosine phosphatase; PTK, protein-tyrosine kinase.

processes. Injection of antibodies, directed at the extracellular
domain of HmMLARZ2, leads to partial internalisation of HmMLAR2
(Gershon et al., 1998), similar to anti-LAR antibody induced LAR-
internalisation in HeLa cells growing in vitro (O’Grady et al., 1998).
Antibody induced partial internalisation of HmLAR?2 induces aber-
rant projections of neuronal cells over shorter distances than
normal. The growth cones of anti-HmMLAR2 antibody-injected leech
embryos appear normal, even though the projections deviate from
their highly regular trajectories, suggesting that the extracellular
domain of HmMLAR2 transduces extracellular signals that are
required for normal growth cone pathfinding (Gershon et al., 1998).
The Laminin/Nidogen complex has been identified to bind to the
extracellular domain of human LAR in vitro (O'Grady et al., 1998).
It will be interesting to see whether the Laminin/Nidogen complex,
or similar complexes, are involved in axon pathfinding in the leech.
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Fig. 5. Receptor Protein-Tyrosine Phosphatase alpha. A schematic
representation of murine RPTPalpha is depicted with the eight N-linked
glycosylation sites in the extracellular domain in green, the transmembrane
domainin yellow (TM) and the two catalytic domains inred (D1and D2). The
catalytic site cysteines in each PTP domain are depicted (C433 and C723),
as well as the phosphorylation sites, Ser180 and Ser204 in the
Jjuxtamembrane domain and Tyr789 in the C-terminus. The scale bar
indicates amino acid residue number.

Definitive proof regarding the identity of the extracellular ligands
that are involved in binding to the ectodomain of LAR, thereby
directing axon pathfinding may be provided by genetic experi-
ments in Drosophila.

As described above, it is clear that DLAR is involved in axon
pathfinding in Drosophila. In contrast, it is not clear what the
function of LAR is in vertebrates. The mammalian LAR subfamily
consists ofthree members, LAR, RPTPdeltaand RPTPsigma. Due
to alternative splicing, many different isoforms exist of these three
RPTPs that may have different functions, and that are differentially
expressed (Pulido et al., 1995; Schaapveld et al., 1998 and
references therein). It is noteworthy that none of the mammalian
splice isoforms have exactly the same structure as DLAR, in that
DLAR contains nine FNIII-like repeats, while all members of the
mammalian subfamily maximally contain eight FNIlI-like repeats
(Van Vactor et al., 1998). Nevertheless, the mammalian LAR
subfamily is generally considered to be the counterpart of DLAR.
RPTPdelta and RPTPsigma are highly expressed in the nervous
system, like DLAR, which may suggest that these RPTPs are the
functional homologues of DLAR, rather than mammalian LAR
itself. Gene targeting of LAR does not induce an obvious neuronal
phenotype (Skarnes et al., 1995). However, close examination of
mice with a gene trap insertion in the LAR gene, in which expres-
sion of full length LAR is greatly reduced but not completely
abolished, indicated that the size of cholinergic neurons was
significantly reduced and that cholinergic innervation of the dentate
gyrus was markedly decreased, suggesting that LAR indeed plays
arole in development of the mammalian nervous system (Yeo et
al., 1997). Schaapveld et al. (1997) generated mice lacking the
sequences encoding both LAR PTP domains by gene targeting.
These LARP™" mice are viable and do not display an obvious
neuronal phenotype. In fact, these mice develop normally, without
obvious histological abnormalities. However, LARP™ females
have mammary gland defects during gestation, due to impaired
terminal differentiation of alveoli at late pregnancy, resulting in
defective milk production (Schaapveld etal., 1997). Since LAR-null
mutant mice have not been described yet —in one case low levels
of LAR expression were detected (Skarnes et al., 1995; Yeo et al.,
1997) and in the other the extracellular domain is still expressed
(Schaapveld et al., 1997)— the exact role of LAR in mouse devel-
opment remains to be determined.

The penetrance of the phenotype of the mice with mutations in
LAR varies, depending on the genetic background. Moreover, on a

C57BL/6 genetic background, only 50% of the expected LARP™*
mice are born (W. Hendriks, personal communication), suggesting
that lethal defects occur early during development in the LARP™"
embryosthatare notborn. Inthe LAR" mice thatdo not show obvious
defects, the highly homologous LAR-family members, RPTPdelta
and RPTPsigma, may take over LAR’s function. Preliminary reports
suggest that RPTPdelta”” mice are viable and appear to display
growth retardation, early mortality, abnormal posture and dramatic
motor defects (Uetani et al., 1997). RPTPsigma’” mice display
pituitary dysplasia, defects in the olfactory lobes and a reduction in
the total central nervous system size and cell number (M. Tremblay,
personal communication). Itis likely that the highly homologous LAR
family members have redundant functions. In fact, all three family
members associate with the same proteins (e.g. the LAR-interacting
protein, LIP-1; Pulido et al., 1995), suggesting that indeed down-
stream signalling is similar. In order to dissect the functions of the
different members of the LAR subfamily, double or even triple knock-
out mice will have to be generated and analysed.

Taken together, some of the components in the LAR signalling
pathway have beenidentified by genetics, e.g. DRac in Drosophila
and Trio (UNC-73) in C. elegans, and others have been identified
biochemically by direct interactions, e.g. Trio. Therefore, it is
tempting to speculate that LAR-signalling is similar in invertebrates
and vertebrates. However, the model in Figure 3 is far from
complete, since i) LAR not only interacts with Trio, but also with
other proteins, and ii) it remains to be determined whether LAR (or
a LAR subfamily member) is involved in axon pathfinding in
mammals.

The function of CD45 in vivo and in cell signalling

CD45 was the first RPTP to be identified, based on sequence
homology with PTP1B in the intracellular domain (Charbonneau et
al., 1988; Tonks et al., 1988a). In fact, CD45 had been cloned well
before CD45 was identified as an RPTP (Thomas et al., 1985).
Homologues of CD45 have not been identified in invertebrates. In
mammals, many splice isoforms have been identified of CD45, all
of which are expressed exclusively in the haematopoietic system.
The ectodomain of CD45 does not resemble cell adhesion mol-
ecules, although a single FNIII-like domain and possibly spectrin-
like repeats have been identified (Fig. 2). A lectin, CD22, binds to
the glycosylated CD45 ectodomain (Stamenkovic et al., 1991), but
whether CD22 is a bona fide physiological ligand is not clear.

Gene targeting of exon 6 was aimed at deletion of a specific
isoform of CD45, but instead abolished expression of all CD45
isoforms in B cells and most T cells. In CD45%°"6"- mice, develop-
ment of B cells appeared normal, but T cell development was
severely affected (Kishihara et al., 1993). CD45-null mice were
generated by targeting of the invariant exon 9, and here T cell
development was disrupted even more severely than in the
CDA45en¢ mice at the CD4-CD8~to CD4*CD8* transition and later
when CD4*CD8* cells develop into CD4* or CD8* thymocytes (Byth
et al., 1996).

The molecular mechanism underlying the phenotype in CD45"
mice is not clear. However, by now it is well established that CD45
potentiates T cell receptor (TCR) and B cell receptor (BCR) re-
sponses. The mechanism of CD45-mediated potentiation of T and B
cellreceptors has been the subject of numerous studies over the past
decade, which has led to relatively good insight into CD45-mediated
signalling (reviewed by Frearson and Alexander, 1997). CD45



dephosphorylates the inhibitory C-terminal phosphorylation site in
Lck and Fyn, thereby activating these Src-family PTKs. Upon ligation
ofthe TCR, activated Lck and Fyn phosphorylate components of the
TCR, including CD3-epsilon and TCR-zeta on Immunoreceptor
Tyrosine-based Activation Motifs (ITAMs), generating binding sites
for SH2-containing signalling molecules, including the PTK, ZAP-70,
thereby initiating subsequentintracellular signalling (Qian and Weiss,
1997) (Fig. 4). In CD45"- thymocytes, Lck and Fyn are not active and
engagement of the TCR does notinduce tyrosine phosphorylation of
the TCR, nor any of the down-stream events, demonstrating that
CD45 is essential for TCR signalling.

Structure and function of RPTPalpha

RPTPalpha is a typical RPTP with a short extracellular domain
and two cytoplasmic PTP domains (Figs. 2 and 5). RPTPalpha is
highly conserved in vertebrates, and homologues have been
identified in human, mouse, rat, chicken and frog (Krueger et al.,
1990; Matthews et al., 1990; Sap et al., 1990; den Hertog et al.,
1992; Shock et al., 1995; Fang et al., 1996; Yang and Friesel,
1998). In addition, we have recently identified RPTPalpha in the
zebrafish (A.M. van der Sar and J. den Hertog, manuscript in
preparation). However, RPTPalpha homologues have not been
identified in invertebrates, suggesting that RPTPalpha may be a
vertebrate-specific RPTP.

Invivo, RPTPalphais highly expressed inthe developing central
and peripheral nervous system of the mouse. Especially dorsal
root ganglia and cranial sensory ganglia show high expression of
RPTPalpha mRNA and protein during mouse development. Fur-
thermore, RPTPalpha expression is elevated in the adrenal gland,
suggesting that RPTPalpha expression is specifically elevated in
derivatives of the neural crest. It appears that RPTPalpha expres-
sion is transient in vivo, with optimal levels of RPTPalpha expres-
sion preceding terminal differentiation of neural crest derivatives,
suggesting that RPTPalpha is involved in this process (den Hertog
et al., 1996). High levels of RPTPalpha expression were also
detected in the developing brain of rat, chicken and frog (Shock et
al., 1995; Fang et al., 1996; Yang and Friesel, 1998). During
chicken development, RPTPalpha mRNA and protein are ex-
pressed in pre-migratory and migrating granule cells, as well as in
Bergmann glia and their radial processes (Fang et al., 1996).
Detailed analysis of RPTPalpha expression in the chicken retino-
tectal system demonstrates that RPTPalpha expression is re-
stricted to Muller glia cells and radial glia of the retina and the
tectum (Ledig et al., 1999). Taken together, RPTPalpha is highly
expressed in the developing brain of various species. Apparently,
RPTPalpha is most prominently expressed in glia, suggesting that
RPTPalphaisinvolved in controlling neuronal migration. However,
the function of RPTPalpha during brain development remainsto be
determined. Mutant mice with targeted RPTPalpha alleles do not
display obvious brain development phenotypes (J. Sap, personal
communication). However, RPTPalpha’ mice may have subtle
brain development defects, or redundancy may annihilate brain
phenotypes in RPTPalpha’ mice. RPTPepsilon is very closely
related to RPTPalpha (Krueger et al., 1990; Elson and Leder,
1995) and therefore RPTPepsilon may take over RPTPalpha’s
functionin RPTPalpha’ mice. Mutant mice inwhich both RPTPalpha
and RPTPepsilon have been knocked out may provide insight into
the function of the type IV subfamily of RPTPs.

Even though RPTPalpha’ mice do not show an obvious brain
development phenotype, there is evidence that RPTPalpha plays
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Fig. 6. Regulation of RPTPalpha. RPTPalpha dimers are inactive (top left),
and RPTPalpha is activated by monomerization through an unknown
mechanism, possibly involving serine phosphorylation of RPTPalpha by
protein kinase C (PKC). Even more appealing is the idea that there are
ligands that induce monomerization of RPTPalpha. Presumably, somehow
an equilibrium forms between monomeric and dimeric RPTPalpha.
RPTPalpha monomers are active and mediate dephosphorylation of sub-
strates. One of these substrates is Src and RPTPalpha dephosphorylates
the inhibitory C-terminal P.Tyr527 in Src, thereby activating Src (Src is
phosphorylated and inactivated by the C-terminal Src kinase, Csk). Active
Src may, in turn, phosphorylate RPTPalpha on Tyr789, thereby providing a
binding site for the SH2 domain of the SH3-SH2-SH3 adaptor protein
GRB2. The GRB2 SH2 domain is blue and its flanking SH3 domains pink.
The C-terminal SH3 domain of GRBZ2 binds (directly or indirectly) to a region
close to the catalytic site in RPTPalpha-D1 and may therefore inactivate
RPTPalpha catalytic activity. The process is reversible, since RPTPalpha
has autodephosphorylation activity (auto-deP), rendering RPTPalpha mo-
nomeric and active again.

a role in neurogenesis. For instance, RPTPalpha is transiently
expressed during neuronal differentiation of several cell lines
growing in vitro, with maximal expression levels preceding neu-
ronal differentiation, suggesting that RPTPalpha may be involved
inthis process (den Hertog etal., 1993). Moreover, overexpression
of RPTPalpha in pluripotent P19 embryonal carcinoma cells in-
duces an alteration in differentiation fate in favour of neuronal
differentiation, suggesting that RPTPalpha indeed is involved in
neuronal differentiation (den Hertog et al., 1993). Overexpression
of RPTPalpha in embryonic stem cells enhances neuronal differ-
entiation, again suggesting that RPTPalphais involved in neuronal
differentiation (van Inzen et al., 1996).

The involvement of RPTPalpha in neuronal differentiation of
P19 embryonal carcinoma cells is dependent on catalytic activity
of RPTPalpha-D1, suggesting that RPTPalpha-D1-mediated de-
phosphorylation of one or more substrates accounts for the ob-
served alteration in differentiation fate (den Hertog et al., 1993). As
described above, RPTPs may exert their activities through de-
phosphorylation of Src-family members. The PTK Src is involved
in neuronal differentiation in vivo and in vitro, and we and others
have identified the PTK Src as a substrate of RPTPalpha (Zheng
et al., 1992; den Hertog et al., 1993). RPTPalpha dephosphory-
lates Src P.Tyr527 in vivo and in vitro, leading to activation of Src.
Active Srcin turn may be responsible for neuronal differentiation of
P19 embryonal carcinoma cells (den Hertog et al., 1993), or for
transformation of Rat embryo fibroblasts (Zheng et al., 1992). Itis
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noteworthy that Src activity is reduced in RPTPalpha’” mouse
embryo fibroblasts due to enhanced phosphorylation of Tyr527,
strongly suggesting that RPTPalpha dephosphorylates and acti-
vates Src in vivo (J. Sap, personal communication).

Src-family PTKs are not the only targets of RPTPalpha. For
instance, also the insulin receptor is a candidate substrate of
RPTPalpha (Mgller etal., 1995). However, many other RPTPs may
dephosphorylate the insulin receptor as well, and it remains to be
determined which RPTPs dephosphorylate the insulin receptor
under physiological conditions. Recently, the Kv1.2 potassium
channel was identified as a substrate of RPTPalpha (Tsai et al.,
1999). M1 muscarinic acetylcholine receptor (m1 mAChR) activa-
tion induces tyrosine phosphorylation and suppression of Kv1.2
channel activity. RPTPalpha-mediated dephosphorylation of Kv1.2
channels, in turn, leads to desuppression and thus to an increase
in the Kv1.2 resting current. It is noteworthy that overexpression of
RPTPalpha does not induce massive changes in cellular P.Tyr
levels in P19 embryonal carcinoma cells or NIH 3T3 cells (A. Buist
and J. den Hertog, unpublished observations), suggesting that
RPTPalpha specifically dephosphorylates substrates. Identifica-
tion of additional physiological RPTPalpha substrates is a chal-
lenge, and will provide crucial insights into the function of RPTPalpha.

The fact that overexpression of RPTPalpha does not induce
massive dephosphorylation of cellular P.Tyr-containing proteins
may also be explained by tight negative regulation of RPTPalpha
activity. Little is known about regulation of RPTPalpha activity.
The extracellular domain of RPTPalpha is relatively short (123
residues in the mouse), suggesting that it may not act as a ligand
binding domain. However, the extracellular domain is heavily
glycosylated through N- and O-linked glycosylation (Fig. 5) (Daum
etal., 1994), suggesting that the extracellular domain of RPTPalpha
may bind lectins. However, to date, such interactions have not
been demonstrated yet.

Phorbol ester-treatment of cells transiently induces serine phos-
phorylation of RPTPalpha, which is concomitant with a transient
increase in RPTPalpha activity. In fact, the increase in RPTPalpha
activity is due to enhanced serine phosphorylation of RPTPalpha,
since dephosphorylation of RPTPalpha reduces its activity to pre-
stimulation levels (den Hertog et al., 1995). The serine phosphory-
lation sites are localised at Ser180 and Ser204 inthe juxtamembrane
region of RPTPalpha (Fig. 5), and protein kinase C (PKC) phos-
phorylates these sites in vitro (Tracy et al., 1995), suggesting that
PKC is a direct regulator of RPTPalpha. Serl80 and especially
Ser204 is located close to the helix-turn-helix wedge structure in
RPTPalpha that may be involved in dimerisation. Phosphorylation
of these sites introduces a negative charge that may prohibit
dimerisation, thereby leading to activation of RPTPalpha (Bilwes et
al., 1996).

RPTPalpha from growing NIH 3T3 cells is not only constitutively
phosphorylated on serine, but also on tyrosine. The tyrosine
phosphorylation site was mapped to the C-terminus of RPTPalpha,
at position 789 (Fig. 5) (den Hertog et al., 1994). The kinase that is
responsible for RPTPalpha Tyr789 phosphorylation may be Src.
P.Tyr789 is a consensus binding site for the SH2 domain of the
SH3-SH2-SH3 adaptor protein GRB2 and we and others have
demonstrated that GRB2 binds to RPTPalpha in vivo and in vitro
(den Hertog et al., 1994; Su et al., 1994). The guanine nucleotide
exchange factor for Ras, Sos, which is bound to the N-terminal SH3
domain of GRB2, thereby linking receptor PTKs to the Ras path-
way (reviewed by Schlessinger, 1993), is not presentin the GRB2-

RPTPalpha complex. Not only the GRB2 SH2 domain, but also the
C-terminal SH3 domainis required for efficientbindingto RPTPalpha
(den Hertog and Hunter, 1996; Su et al., 1996), suggesting that
steric hindrance prohibits binding of Sos to the RPTPalpha-GRB2
complex. The region in RPTPalpha that is involved in GRB2-SH3
binding is localised in RPTPalpha-D1, close to the catalytic site,
suggesting that GRB2-SH3 binding may inhibit RPTPalpha activity
(den Hertog and Hunter, 1996). Overexpression of mutant
RPTPalpha-Y789F, that does not bind GRB2, in P19 embryonal
carcinoma cells altered the differentiation fate of these cells, like
wild type RPTPalpha, demonstrating that the interaction between
RPTPalpha and GRB2 is not required for this effect of RPTPalpha
(J. den Hertog, unpublished observation). Taken together, the
function of GRB2 binding to RPTPalpha remains to be determined.

In recent years, we have obtained insight into different mecha-
nisms that may regulate RPTPalpha catalytic activity, as
summarised in Figure 6. In addition, the expression pattern in vivo
and the functional analyses in in vitro cell systems suggest that
RPTPalpha may be involved in terminal differentiation of neural
crest derivatives. However, elucidation of the biological function of
RPTPalpharequires understanding of the regulation of RPTPalpha
catalytic activity, and identification of specific, physiological sub-
strates and effector proteins. Moreover, elucidation of the role of
RPTPalphain vertebrate development requires thorough analysis
of vertebrate embryos that overexpress (mutant) RPTPalpha, and
of homozygous RPTPalpha knock-out embryos, and presumably
also double or multiple RPTP knock-out embryos. Current work in
our lab is directed at these questions.

Conclusion

We are beginning to obtain insight into the function of RPTPs in
development in vivo. Several RPTPs have been demonstrated to
be essential for proper axon pathfinding in Drosophila. In addition,
at least one RPTP (ClIr-1) is essential for normal development of
C.elegans. Whether the homologues of these RPTPs play similar
roles in vertebrates remains to be determined. Analysis of the
function of RPTPs in vertebrates in general may require the
generation of mutant mice with multiple targeted RPTP genes,
since many single knock-outs did not display a phenotype, presum-
ably due to redundancy. The powerful combination of genetics and
biochemistry has already led to important new insights into the role
of RPTP-mediated signalling in development, (e.g. LAR-signalling,
Fig. 3), and presumably will provide conclusive answers as to the
function of other RPTPs in the near future as well.

Note added in proof: RPTPalpha and RPTPsigma knock-out mice have now been
reported:

SU, J., MURANJAN, M. and SAP, J. (1999). Receptor protein tyrosine phosphatase
alpha activates Src-family kinases and controls integrin-mediated responses in
fibroblasts. Curr. Biol. 9: 505-511.

PONNIAH, S., WANG, D.Z., LIM, K.L. and PALLEN, C.J. (1999). Targeted disruption
of the tyrosine phosphatase PTPalpha leads to constitutive downregulation of the
kinases Src and Fyn. Curr. Biol. 9: 535-538.

ELCHEBLY, M., WAGNER, J., KENNEDY, T.E., LANCTOT, C., MICHALISZYN, E.,
ITIE, A., DROUIN, J. and TREMBLAY, M.L. (1999). Neuroendocrine dysplasia in
mice lacking protein tyrosine phosphatase sigma. Nature Genet. 21: 330-333.

WALLACE, M.J., BATT, J., FLADD, C.A., HENDERSON, J.T., SKARNES, W. and
ROTIN, D. (1999). Neuronal defects and posterior pituitary hypoplasia in mice
lacking the receptor tyrosine phosphatase PTPsigma. Nature Genet. 21:334-338.



Acknowledgements

We would like to thank Jan Sap (New York University Medical Center,
New York, USA), Ari Elson (The Weizmann Institute, Rehovot, Israel),
Michel Tremblay (McGill University, Montreal, Canada), Martijn Gebbink
(Netherlands Cancer Institute, Amsterdam, the Netherlands) and Wiljan
Hendriks (Nijmegen University, Nijmegen, the Netherlands) for discussing
the phenotypes of their knock-out mice prior to publication. In addition, we
would like to thank Mark Verheijen for critical reading of the manuscript.
Work in our lab is supported by a grant from the Earth and Life Sciences
Foundation/Netherlands Organization for Scientific research (ALW/NWO)
and a grant from the Dutch Cancer Society (NKB/KWF).

References

BECKMANN, G. and BORK, P. (1993). An adhesive domain detected in functionally
diverse receptors. Trends Biochem. Sci. 18: 40-41.

BHANDARI, V., LIM, K.L. and PALLEN, C.J. (1998). Physical and functional interac-
tions between receptor-like protein- tyrosine phosphatase alpha and p59fyn. J.
Biol. Chem. 273: 8691-8698.

BILWES, A.M., DEN HERTOG, J., HUNTER, T. and NOEL, J.P. (1996). Structural
basis for inhibition of receptor protein-tyrosine phosphatase-alpha by dimeriza-
tion. Nature 382:555-559.

BRADY-KALNAY, S.M. and TONKS, N.K. (1994). Identification of the homophilic
binding site of the receptor protein tyrosine phosphatase PTP mu. J. Biol. Chem.
269: 28472-28477.

BRADY-KALNAY, S.M., FLINT, A.J. and TONKS, N.K. (1993). Homophilic binding of
PTP mu, a receptor-type protein tyrosine phosphatase, can mediate cell-cell
aggregation. J. Cell Biol. 122: 961-972.

BRADY-KALNAY, S.M., MOURTON, T., NIXON, J.P., PIETZ, G.E., KINCH, M.,
CHEN, H., BRACKENBURRY, R., RIMM, D.L., DEL VECCHIO, R.L. and TONKS,
N.K. (1998). Dynamicinteractions of PTP mu with multiple cadherins in vivo. J. Cell
Biol. 141: 287-296.

BRADY-KALNAY, S.M., RIMM, D.L. and TONKS, N.K. (1995). Receptor protein
tyrosine phosphatase PTP mu associates with Cadherins and Catenins in vivo. J.
Cell Biol. 130: 977-986.

BUIST, A., ZHANG, Y .-L., KENG, Y.-F., WU, L., ZHANG, Z.-Y. and DEN HERTOG,
J. (1999). Restoration of potent protein-tyrosine phosphatase activity in the
membrane distal domain of Receptor Protein-Tyrosine Phosphatase alpha.
Biochemistry 38: 914-922.

BYTH, K.F., CONROY, L.A., HOWLETT, S., SMITH, AJ., MAY, J., ALEXANDER,
D.R. and HOLMES, N. (1996). CD45-null transgenic mice reveal a positive
regulatory role for CD45 in early thymocyte development, in the selection of
CD4+CD8+ thymocytes, and B cell maturation. J. Exp. Med. 183: 1707-1718.

CHARBONNEAU, H., TONKS, N.K., WALSH, K.A. and FISCHER, E.H. (1988). The
leukocyte common antigen (CD45): a putative receptor-linked protein tyrosine
phosphatase. Proc. Natl. Acad. Sci. USA 85: 7182-7186.

CHIEN, C.-B. (1996). PY in the fly. Receptor-like tyrosine phosphatases in axonal
pathfinding. Neuron 16: 1065-1068.

COTE, J.F.,CHAREST, A., WAGNER, J. and TREMBLAY, M.L. (1998). Combination

of gene targeting and substrate trapping to identify substrates of protein tyrosine
phosphatases using PTP-PEST as a model. Biochemistry 37: 13128-13137.

DAUM, G., REGENASS, S., SAP, J., SCHLESSINGER, J. and FISCHER, E.H.
(1994). Multiple forms of the human tyrosine phosphatase RPTP alpha. Isozymes
and differences in glycosylation. J. Biol. Chem. 269: 10524-10528.

DEBANT, A., SERRA-PAGES, C., SEIPEL, K., O'BRIEN, S., TANG, M. and PARK,
S.H. (1996). The multidomain protein Trio binds the LAR transmembrane tyrosine
phosphatase, contains a protein kinase domain, and has separate rac- specific
and rho-specific guanine nucleotide exchange factor domains. Proc. Natl. Acad.
Sci. USA 93: 5466-5471.

DEN HERTOG, J. and HUNTER, T. (1996). Tight association of GRB2 with receptor
protein-tyrosine phosphatase alpha is mediated by the SH2 and C-terminal SH3
domains. EMBO J. 15: 3016-3027.

DEN HERTOG, J., OVERVOORDE, J. and DE LAAT, S.W. (1996). Expression of
receptor protein-tyrosine phosphatase alpha mRNA and protein during mouse

RPTP signalling in development 731

embryogenesis. Mech. Dev. 58: 89-101.

DEN HERTOG, J., PALS, C.E., JONK, L.J. and KRUIJER, W. (1992). Differential
expression of a novel murine non-receptor protein tyrosine phosphatase during
differentiation of P19 embryonal carcinoma cells. Biochem. Biophys. Res. Commun
184:1241-1249.

DEN HERTOG, J., PALS, C.E., PEPPELENBOSCH, M.P., TERTOOLEN, L.G., DE
LAAT, S.W. and KRUIJER, W. (1993). Receptor protein tyrosine phosphatase
alpha activates pp60c-src and is involved in neuronal differentiation. EMBO J. 12:
3789-3798.

DEN HERTOG, J., SAP, J., PALS, C.E., SCHLESSINGER, J. and KRUIJER, W.
(1995). Stimulation of receptor protein-tyrosine phosphatase alpha activity and
phosphorylation by phorbol ester. Cell Growth Differ. 6: 303-307.

DEN HERTOG, J., TRACY, S. and HUNTER, T. (1994). Phosphorylation of receptor
protein-tyrosine phosphatase alpha on Tyr789, a binding site for the SH3-SH2-
SH3 adaptor protein GRB-2 in vivo. EMBO J. 13: 3020-3032.

DENU, J.M., STUCKEY, J.A., SAPER, M.A. and DIXON, J.E. (1996). Form and
function in protein dephosphorylation. Cell 87: 361-364.

DESAI, C.J.,GINDHART, J.G.,JR.,GOLDSTEIN, L.S.and ZINN, K. (1996). Receptor
tyrosine phosphatases are required for motor axon guidance in the Drosophila
embryo. Cell 84: 599-609.

DESAI, C.J., KRUEGER, N.X., SAITO, H. and ZINN, K. (1997). Competition and
cooperation among receptor tyrosine phosphatases control motoneuron growth
cone guidance in Drosophila. Development 124: 1941-1952.

DESAI, D.M., SAP, J., SCHLESSINGER, J. and WEISS, A. (1993). Ligand-mediated
negative regulation of a chimeric transmembrane receptor tyrosine phosphatase.
Cell 73:541-554.

DESAI, D.M., SAP, J., SILVENNOINEN, O., SCHLESSINGER, J. and WEISS, A.
(1994). The catalytic activity of the CD45 membrane-proximal phosphatase
domain is required for TCR signaling and regulation. EMBO J. 13: 4002-4010.

DEVORE, D.L., HORVITZ, H.R. and STERN, M.J. (1995). An FGF receptor signaling
pathway is required for the normal cell migrations of the sex myoblasts in C.
elegans hermaphrodites. Cell 83: 611-620.

ELSON, A. and LEDER, P. (1995). Protein-tyrosine phosphatase epsilon. An isoform
specifically expressed in mouse mammary tumors initiated by v-Ha-ras or neu. J.
Biol. Chem. 270: 26116-26122.

FANG, K.S., MARTINS-GREEN, M., WILLIAMS, L.T. and HANAFUSA, H. (1996).
Characterization of chicken protein tyrosine phosphatase alpha and its expression
in the central nervous system. Brain Res. Mol. Brain Res. 37: 1-14.

FAUMAN, E.B. and SAPER, M.A. (1996). Structure and function of the protein tyrosine
phosphatases. Trends Biochem. Sci. 21: 413-417.

FELBERG, J. and JOHNSON, P. (1998). Characterization of recombinant CD45
cytoplasmic domain proteins. Evidence for intramolecular and intermolecular
interactions. J. Biol. Chem. 273: 17839-17845.

FISCHER, E.H., CHARBONNEAU, H. and TONKS, N.K. (1991). Protein tyrosine
phosphatases: a diverse family of intracellular and transmembrane enzymes.
Science 253: 401-406.

FLINT, A.J., TIGANIS, T., BARFORD, D. and TONKS, N.K. (1997). Development of
“substrate-trapping” mutants to identify physiological substrates of protein ty-
rosine phosphatases. Proc. Natl. Acad. Sci. USA 94: 1680-1685.

FREARSON, J.A. and ALEXANDER, D.R. (1997). The role of phosphotyrosine
phosphatases in haematopoietic cell signal transduction. BioEssays 19: 417-427.

FUCHS, M., MUELLER, T., LERCH, M.M. and ULLRICH, A. (1996). Association of
human protein-tyrosine phosphatase kappa with members of the armadillo family.
J. Biol. Chem. 271:16712-16719.

GARTON, A.J., FLINT, A.J. and TONKS N.K. (1996). Identification of p130(cas) as a
substrate for the cytosolic protein tyrosine phosphatase PTP-PEST. Mol. Cell.
Biol. 16: 6408-6418.

GEBBINK, M.F., ZONDAG, G.C., KONINGSTEIN, G.M., FEIKEN, E., WUBBOLTS,
R.W.and MOOLENAAR, W.H. (1995). Cell surface expression of receptor protein
tyrosine phosphatase RPTP mu is regulated by cell-cell contact. J. Cell Biol. 131:
251-260.

GEBBINK, M.F., ZONDAG, G.C., WUBBOLTS, R.W., BEIJERSBERGEN, R.L., VAN
ETTEN, I. and MOOLENAAR, W.H. (1993). Cell-cell adhesion mediated by a
receptor-like protein tyrosine phosphatase. J. Biol. Chem. 268: 16101-16104.

GERSHON, T.R., BAKER, M.W., NITABACH, M. and MACAGNO, E.R. (1998). The



732  J.den Hertog et al.

leech receptor protein tyrosine phosphatase HMLAR2 is concentrated in growth
cones and is involved in process outgrowth. Development 125: 1183-1190.

GUAN, K.L. and DIXON, J.E. (1991). Evidence for protein-tyrosine-phosphatase
catalysis proceeding via a cysteine-phosphate intermediate. J. Biol. Chem. 266:
17026-17030.

HOFFMANN, K.M.V., TONKS, N.K. and BARFORD, D. (1997). The crystal structure
of domain 1 of receptor protein-tyrosine phosphatase mu. J. Biol. Chem. 272:
27505-27508.

HUNTER, T. (1995). Protein kinases and phosphatases: The Yin and Yang of protein
phosphorylation and signalling. Cell 80: 225-236.

HUNTER, T. (1998). Anti-phosphatases take the stage. Nature Genet. 18: 303-305.

KAUFMANN, N., WILLS, Z.P. and VAN VACTOR, D. (1998). Drosophila Racl
controls motor axon guidance. Development 125: 453-461.

KISHIHARA, K., PENNINGER, J., WALLACE, V.A., KUNDIG, T.M., KAWAI, K.,
WAKEHAM, A., TIMMS, E., PFEFFER, K., OHASHI, P.S., THOMAS, M.L.,
FURLONGER, C., PAIGE, C.J. and MAK, T.W. (1993). Normal B lymphocyte
development but impaired T cell maturation in CD45-exon6 protein tyrosine
phosphatase-deficient mice. Cell 74: 143-156.

KOKEL, M., BORLAND, C.Z.,DELONG, L.,HORVITZ,H.R. and STERN, M.J. (1998).
Clr-1 encodes a receptor tyrosine phosphatase that negatively regulates an FGF
receptor signaling pathway in Caenorhabditis elegans. Genes Dev. 12: 1425-
1437.

KRUEGER, N.X. and SAITO, H. (1992). A human transmembrane protein-tyrosine-
phosphatase, PTP zeta, is expressed in brain and has an N-terminal receptor
domain homologous to carbonic anhydrases. Proc. Natl. Acad. Sci. USA 89:7417-
7421.

KRUEGER, N.X., STREULI, M. and SAITO, H. (1990). Structural diversity and
evolution of human receptor-like protein tyrosine phosphatases. EMBO J. 9:3241-
3252.

KRUEGER, N.X., VAN VACTOR, D., WAN, H.l., GELBART, W.M., GOODMAN, C.S.
and SAITO, H. (1996). The transmembrane tyrosine phosphatase DLAR controls
motor axon guidance in Drosophila. Cell 84: 611-622.

KYPTA, R.M., SU, H. and REICHARDT, L.F. (1996). Association between a trans-
membrane protein tyrosine phosphatase and the cadherin-catenin complex. J.
Cell Biol. 134:1519-1529.

LEDIG, M.M., MCKINNELL, I.W., MRSIC FLOGEL, T., WANG, J., MASON, I.,
ALVARES, C., BIXBY, J.L., MUELLER, B.K. and STOKER, A.W. (1999). Expres-
sion of receptor tyrosine phosphatases during development of the retinotectal
projection of the chick. J. Neurobiol. 39. 81-96.

LI, D.M. and SUN, H. (1997). TEP1, encoded by a candidate tumor suppressor locus,
is a novel protein tyrosine phosphatase regulated by transforming growth factor
beta. Cancer Res. 57: 2124-2129.

LI, J., YEN, C., LIAW, D., PODSYPANINA, K., BOSE, S., WANG, S.I., PUC, J.,
MILIARESIS, C.,RODGERS, L., MCCOMBIE, R., BIGNER, S.H., GIOVANELLA,
B.C., ITTMANN, M., TYCKO, B., HIBSHOOSH, H., WIGLER, M.H. and PAR-
SONS, R. (1997). PTEN, a putative protein tyrosine phosphatase gene mutated
in human brain, breast, and prostate cancer. Science 275: 1943-1947.

LIM, K.L., KOLATKAR, P.R., NG, K.P.,, NG, C.H. and PALLEN, C.J. (1998).
Interconversion of the kinetic identities of the tandem catalytic domains of
receptor-like protein-tyrosine phosphatase PTPalpha by two point mutations is
synergistic and substrate-dependent. J. Biol. Chem. 273: 28986-28993.

LU, J., NOTKINS, A.L. and LAN, M.S. (1994). Isolation, sequence and expression of
a novel mouse brain cDNA, mIA-2, and its relatedness to members of the protein
tyrosine phosphatase family. Biochem. Biophys. Res. Commun 204: 930-936.

MAEHAMA, T. and DIXON, J.E. (1998). The tumor suppressor, PTEN/MMAC1,
dephosphorylates the lipid second messenger, Phosphatidylinositol 3,4,5-
Trisphosphate. J. Biol. Chem. 273: 13375-13378.

MAJETI, R., BILWES, A.M., NOEL, J.P., HUNTER, T. and WEISS, A. (1998).
Dimerization-induced inhibition of receptor protein tyrosine phosphatase function
through an inhibitory wedge. Science 279: 88-91.

MATTHEWS, R.J., CAHIR, E.D. and THOMAS, M.L. (1990). Identification of an
additional member of the protein-tyrosine- phosphatase family: evidence for
alternative splicing in the tyrosine phosphatase domain. Proc. Natl. Acad. Sci.
USA 87: 4444-4448.

MILLAR, J.B. and RUSSELL, P. (1992). The cdc25 M-phase inducer: an unconven-
tional protein phosphatase. Cell 68: 407-410.

M@LLER, N.P., M@LLER, K.B., LAMMERS, R., KHARITONENKOV, A., HOPPE,
E., WIBERG, F.C., SURES, I. and ULLRICH, A. (1995). Selective down-
regulation of the insulin receptor signal by protein-tyrosine phosphatases alpha
and epsilon. J. Biol. Chem. 270: 23126-23131.

MUSTELIN, T., COGGESHALL, K.M. and ALTMAN, A. (1989). Rapid activation of
the T-cell tyrosine protein kinase pp56Ick by the CD45 phosphotyrosine phos-
phatase. Proc. Natl. Acad. Sci. USA 86: 6302-6306.

MYERS, M.P., PASS, |, BATTY, I.H., VAN DER KAAY, J., STOLAROV, J.P.,
HEMMINGS, B.A., WIGLER, M.H., DOWNES, C.P. and TONKS, N.K. (1998).
The lipid phosphatase activity of PTEN is critical for its tumor supressor function.
Proc. Natl. Acad. Sci. USA 95: 13513-13518.

NADA, S., OKADA, M., MACAULEY, A., COOPER, J.A. and NAKAGAWA, H.
(1991). Cloning of a complementary DNA for a protein-tyrosine kinase that
specifically phosphorylates a negative regulatory site of p60c-src. Nature 351:
69-72.

NEEL, B.G. and TONKS, N.K. (1997). Protein tyrosine phosphatases in signal
transduction. Curr. Opin. Cell Biol. 9: 193-204.

O’'GRADY, P., THAI, T.C. and SAITO, H. (1998). The laminin-nidogen complex is
a ligand for a specific splice isoform of the transmembrane protein tyrosine
phosphatase LAR. J. Cell Biol.141: 1675-1684.

OSTERGAARD, H.L., SHACKELFORD, D.A., HURLEY, T.R., JOHNSON, P.,
HYMAN, R., SEFTON, B.M. and TROWBRIDGE, I.S. (1989). Expression of
CD45 alters phosphorylation of the Ick-encoded tyrosine protein kinase in
murine lymphoma T-cell lines. Proc. Natl. Acad. Sci. USA 86: 8959-8963.

PELES, E., NATIV, M., CAMPBELL, P.L., SAKURAI, T., MARTINEZ, R., LEV, S.,
CLARY, D.O., SCHILLING, J., BARNEA, G., PLOWMAN, G.D. and
SCHLESSINGER, J. (1995). The carbonic anhydrase domain of receptor
tyrosine phosphatase beta is a functional ligand for the axonal cell recognition
molecule contactin. Cell 82: 251-260.

PELES, E., NATIV, M., LUSTIG, M., GRUMET, M., SCHILLING, J., MARTINEZ, R.,
PLOWMAN, G.D. and SCHLESSINGER, J. (1997). Identification of a novel
contactin-associated transmembrane receptor with multiple domains impli-
cated in protein-protein interactions. EMBO J. 16: 978-988.

POT, D.A. and DIXON, J.E. (1992). Active site labeling of a receptor-like protein
tyrosine phosphatase. J. Biol. Chem. 267: 140-143.

PULIDO, R., SERRA-PAGES, C., TANG, M. and STREULI, M. (1995). The LAR/
PTP delta/PTP sigma subfamily of transmembrane protein-tyrosine- phos-
phatases: multiple human LAR, PTP delta, and PTP sigma isoforms are
expressed in a tissue-specific manner and associate with the LAR- interacting
protein LIP.1. Proc. Natl. Acad. Sci. USA 92: 11686-11690.

QIAN, D. and WEISS, A. (1997). T cell antigen receptor signal transduction. Curr.
Opin. Cell Biol. 9: 205-212.

SAKURAI, T., LUSTIG, M., NATIV, M., HEMPERLY, J.J., SCHLESSINGER, J.,
PELES, E. and GRUMET, M. (1997). Induction of neurite outgrowth through
contactin and Nr-CAM by extracellular regions of glial receptor tyrosine phos-
phatase beta. J. Cell Biol. 136: 907-918.

SAP, J., D)EUSTACHIO, P., GIVOL, D. and SCHLESSINGER, J. (1990). Cloning
and expression of a widely expressed receptor tyrosine phosphatase. Proc.
Natl. Acad. Sci. USA 87: 6112-6116.

SAP, J., JIANG, Y.P., FRIEDLANDER, D., GRUMET, M. and SCHLESSINGER, J.
(1994). Receptor tyrosine phosphatase R-PTP-kappa mediates homophilic
binding. Mol. Cell. Biol. 14: 1-9.

SCHAAPVELD, R.Q.J., SCHEPENS, J.T.G., BAECHNER, D., ATTEMA, J.,
WIERINGA, B., JAP, P.H.K. and HENDRIKS, W.J.A.J. (1998). Developmental
expression of the cell adhesion molecule-like protein tyrosine phosphatases
LAR, RPTP delta and RPTP sigma in the mouse. Mech. Dev. 77: 59-62.

SCHAAPVELD, R.Q., SCHEPENS, J.T., ROBINSON, G.W., ATTEMA, J.,
OERLEMANS, F.T., FRANSEN, J.A., STREULI, M., WIERINGA, B.,
HENNIGHAUSEN, L. and HENDRIKS, W.J. (1997). Impaired mammary gland
development and function in mice lacking LAR receptor-like tyrosine phos-
phatase activity. Dev. Biol. 188: 134-146.

SCHLESSINGER, J. (1993). SH2/SH3 signaling proteins. Curr. Opin. Genet. Dev.
4:25-30.

SERRA-PAGES, C., MEDLEY, Q.G., TANG, M., HART, A. and STREULI, M.
(1998). Liprins, a family of LAR transmembrane protein-tyrosine phosphatase-
interacting proteins. J. Biol. Chem. 273: 15611-15620.



SHIROO, M., GOFF, L., BIFFEN, M., SHIVNAN, E. and ALEXANDER, D. (1992).
CD45 tyrosine phosphatase-activated p59fyn couples the T cell antigen recep-
tor to pathways of diacylglycerol production, protein kinase C activation and
calcium influx. EMBO J. 11: 4887-4897.

SHOCK, L.P., BARE, D.J.,KLINZ, S.G. and MANESS, P.F. (1995). Protein tyrosine
phosphatases expressed in developing brain and retinal Muller glia. Brain Res.
Mol. Brain Res. 28: 110-116.

SICHERI, F., MOAREFI, I. and KURIYAN, J. (1997). Crystal structure of the Src
family tyrosine kinase Hck. Nature 385: 602-609.

SKARNES, W.C., MOSS, J.E., HURTLEY, S.M. and BEDDINGTON, R.S. (1995).
Capturing genes encoding membrane and secreted proteins important for
mouse development. Proc. Natl. Acad. Sci. USA 92: 6592-6596.

STAMENKOVIC, I., SGROI, D., ARUFFO, A., SY,M.S.and ANDERSON, T. (1991).
The B lymphocyte adhesion molecule CD22 interacts with leukocyte common
antigen CD45R0O on T cells and alpha 2-6 sialyltransferase, CD75, on B cells.
Cell 66: 1133-1144.

STECK, P.A., PERSHOUSE, M.A,, JASSER, S.A., YUNG, W.K., LIN, H., LIGON,
A.H., LANGFORD, L.A., BAUMGARD, M.L., HATTIER, T., DAVIS, T., FRYE,
C., HU, R., SWEDLUND, B., TENG, D.H. and TAVTIGIAN, S.V. (1997).
Identification of a candidate tumour suppressor gene, MMAC1, at chromosome
10g23.3 that is mutated in multiple advanced cancers. Nature Genet. 15: 356-
362.

STEVEN, R., KUBISESKI, T.J., ZHENG, H., KULKARNI, S., MANCILLAS, J., RUIZ
MORALES, A., HOGUE, C.W.V., PAWSON, T. and CULOTTI, J. (1998). UNC-
73 activates the Rac GTPase and is required for cell and growth cone migrations
in C. elegans. Cell 92: 785-795.

STOKER, A. and DUTTA, R. (1998). Protein tyrosine phosphatases and neural
development. BioEssays 20: 463-472.

STREULI, M., KRUEGER, N.X., ARINIELLO, P.D., TANG, M., MUNRO, J.M.,
BLATTLER, W.A., ADLER, D.A., DISTECHE, C.M. and SAITO, H. (1992).
Expression of the receptor-linked protein tyrosine phosphatase LAR: proteolytic
cleavage and shedding of the CAM-like extracellular region. EMBO J. 11:897-
907.

STREULI, M., KRUEGER, N.X., TSAI, A.Y. and SAITO, H. (1989). A family of
receptor-linked protein tyrosine phosphatases in humans and Drosophila. Proc.
Natl. Acad. Sci. USA 86: 8698-8702.

SU, J., BATZER, A. and SAP, J. (1994). Receptor tyrosine phosphatase R-PTP-
alpha is tyrosine-phosphorylated and associated with the adaptor protein Grb2.
J. Biol. Chem. 269: 18731-18734.

SU, J., YANG, L.T. and SAP, J. (1996). Association between receptor protein-
tyrosine phosphatase RPTPalpha and the Grb2 adaptor. Dual Src homology
(SH) 2/SH3 domain requirement and functional consequences. J. Biol. Chem.
271:28086-28096.

SUN, H., CHARLES, C.H., LAU, L.F. and TONKS, N.K. (1993). MKP-1 (3CH134),
an immediate early gene product, is a dual specificity phosphatase that
dephosphorylates MAP kinase in vivo. Cell 75: 487-493.

THOMAS, M.L., BARCLAY, A.N., GAGNON, J. and WILLIAMS, A.F. (1985).
Evidence from cDNA clones that the rat leukocyte-common antigen (T200)
spans the lipid bilayer and contains a cytoplasmic domain of 80,000 Mr. Cell 41:
83-93.

TIAN, S.S., TSOULFAS, P. and ZINN, K. (1991). Three receptor-linked protein-
tyrosine phosphatases are selectively expressed on central nervous system
axons in the Drosophila embryo. Cell 67: 675-680.

TONKS, N.K., CHARBONNEAU, H., DILTZ, C.D., FISCHER, E.H. and WALSH,
K.A. (1988a). Demonstration that the leukocyte common antigen CD45 is a
protein tyrosine phosphatase. Biochemistry 27: 8695-8701.

TONKS, N.K., DILTZ, C.D. and FISCHER, E.H. (1988b). Purification of the major
protein-tyrosine-phosphatases of human placenta. J. Biol. Chem. 263: 6722-
6730.

RPTP signalling in development 733

TRACY, S.,VANDER GEER, P.and HUNTER, T. (1995). The receptor-like protein-
tyrosine phosphatase, RPTP alpha, is phosphorylated by protein kinase C on
two serines close to the inner face of the plasma membrane. J. Biol. Chem. 270:
10587-10594.

TSAI,W., MORIELLI,A.D.,CACHERO, T.G. and PERALTA, E.G. (1999). Receptor
protein tyrosine phosphatase alpha participates in the m1 muscarinic acetylcho-
line receptor-dependent regulation of Kv1.2 channel activity. EMBO J. 18: 109-
118.

UETANI, N., ASANO, M., MIZUNO, K., YAKURA, H. and IWAKURA, Y. (1997).
Targeted disruption of the murine protein tyrosine phosphatase delta (MPTPdelta)
gene results in growth retardation and behavioral abnormalities. In Kinases and
phosphatases in lymphocyte and neuronal signaling (Ed. H. Yakura). Springer-
Verlag, Berlin, pp. 313-314.

VAN DER GEER, P., HUNTER, T. and LINDBERG, R. (1994). Receptor protein-
tyrosine kinases and their signal transduction pathways. Annu. Rev. Cell Biol.
10: 251-337.

VAN INZEN, W.G., PEPPELENBOSCH, M.P., VAN DEN BRAND, M.W.,
TERTOOLEN, L.G. and DE LAAT, S. (1996). The role of receptor protein
tyrosine phosphatase alpha in neuronal differentiation of embryonic stem cells.
Brain Res. Dev. Brain. Res. 91: 304-307.

VAN VACTOR, D. (1998). Protein tyrosine phosphatases in the developing nervous
system. Curr. Opin. Cell Biol. 10: 174-181.

VAN VACTOR, D., O'REILLY, A.M. and NEEL, B.G. (1998). Genetic analysis of
protein tyrosine phosphatases. Curr. Opin. Genet. Dev. 8: 112-126.

WALLACE, M.J., FLADD, C., BATT, J. and ROTIN, D. (1998). The second catalytic
domain of protein tyrosine phosphatase delta (PTP delta) binds to and inhibits
the first catalytic domain of PTP sigma. Mol. Cell. Biol. 18: 2608-2616.

WANG, Y. and PALLEN, C.J. (1991). The receptor-like protein tyrosine phos-
phatase HPTP alpha has two active catalytic domains with distinct substrate
specificities. EMBO J. 10: 3231-3237.

WEISS, A. and SCHLESSINGER, J. (1998). Switching signals on or off by receptor
dimerization. Cell 94: 277-280.

WU, L.,BUIST, A.,,DENHERTOG, J. and ZHANG, Z.Y. (1997). Comparative kinetic
analysis and substrate specificity of the tandem catalytic domains of the
receptor-like protein-tyrosine phosphatase alpha. J. Biol. Chem. 272: 6994-
7002.

XU, W., HARRISON, S.C. and ECK, M.J. (1997). Three-dimensional structure of
the tyrosine kinase c-Src. Nature 385: 595-602.

YANG, C.Q. and FRIESEL, R. (1998). Identification of a receptor-like protein
tyrosine phosphatase expressed during Xenopus development. Dev. Dyn. 212:
403-412.

YANG, X.H., SEOW, K.T., BAHRI, S.M., OON, S.H. and CHIA, W. (1991). Two
Drosophilareceptor-like tyrosine phosphatase genes are expressed in a subset
of developing axons and pioneer neurons in the embryonic CNS. Cell 67: 661-
673.

YEO, T.T., YANG, T., MASSA, S.M., ZHANG, J.S., HONKANIEMI, J., BUTCHER,
L.L. and LONGO, F.M. (1997). Deficient LAR expression decreases basal
forebrain cholinergic neuronal size and hippocampal cholinergic innervation. J.
Neurosci. Res. 47: 348-360.

ZHENG, X.M., WANG, Y. and PALLEN, C.J. (1992). Cell transformation and
activation of pp60c-src by overexpression of a protein tyrosine phosphatase.
Nature 359: 336-339.

ZONDAG, G.C., KONINGSTEIN, G.M., JIANG, Y.P., SAP, J., MOOLENAAR, W.H.
and GEBBINK, M.F.B.G. (1995). Homophilic interactions mediated by receptor
tyrosine phosphatases mu and kappa. A critical role for the novel extracellular
MAM domain. J. Biol. Chem. 270: 14247-14250.

ZONDAG, G.C., MOOLENAAR, W.H. and GEBBINK, M.F.B.G. (1996). Lack of
association between receptor protein tyrosine phosphatase RPTP mu and
cadherins. J. Cell Biol. 134: 1513-1517.



