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Abstract. Protein tyrosine phosphatases (PTPs) have
emerged as a new class of signaling molecules that play
important roles in the development and function of the
central nervous system. They include both tyrosine-spe-
cific and dual-specific phosphatases. Based on their cel-
lular localization they are also classified as receptor-like
or intracellular PTP. However, the intracellular mecha-
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nisms by which these PTPs regulate cellular signaling
pathways are not well understood. Evidence gathered to
date provides some insight into the physiological function
of these PTPs in the nervous system. In this review, we
outline what is currently known about the functional role
of PTPs expressed in the brain. 

Key words. Receptor PTPs; intracellular tyrosine phosphatase; dual-specificity phosphatases; nervous system; intra-
cellular signaling.

Introduction

Tyrosine phosphorylation is an important posttransla-
tional modification that regulates fundamental biochem-
ical processes in all cells. It is a dynamic process, gov-
erned by the opposing activities of protein tyrosine ki-
nases (PTKs) that catalyze tyrosine phosphorylation, and
protein tyrosine phosphatases (PTPs) that are responsible
for tyrosine dephosphorylation. PTKs were originally re-
garded as an ‘on’ switch that activated a number of signal
transduction pathways. Due to their initial role in onco-
genesis, extensive studies have been carried out on PTKs
to demonstrate their function and mechanisms of action
[1, 2]. Several human diseases, including cancer and dia-
betes, are attributed to mutations in PTKs, and some of
the latter have been selected as targets for drug discovery
[3, 4]. 
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PTPs were first recognized as biochemical entities in the
early 1980s. They were initially considered nonspecific
enzymes that functioned to reverse the action of PTKs. It
became clear with the passage of time that this assump-
tion was an oversimplification. With the sequencing of
the genomes from various organisms as well as the com-
pletion of the first draft of the human genome, 113 dis-
tinct PTP catalytic domain sequences have been compiled
[5]. Biochemical and genetic studies now indicate that
PTPs exert both positive and negative effects on signaling
pathways [6]. Moreover, deregulation of several PTPs
contributes to the pathogenesis of human diseases [7]. As
a result, substantial research over the last decade has fo-
cused on the structure and function of PTPs, and a num-
ber of these enzymes are now being tested as potential
pharmaceutical targets [8]. This review focuses on a se-
lect group of PTPs that are expressed within the nervous
system and for which a considerable amount of structural
and/or functional information exists. 



The PTP family

PTPs have at least one highly conserved catalytic domain
of ~280 amino acids that contains an active site with the
consensus sequence (I/V)HCXAGXXR(S/T)G. They are
characterized by their sensitivity to vanadate, ability to
hydrolyze p-nitrophenyl phosphate, insensitivity to
okadaic acid and lack of a requirement for metal ions dur-
ing catalysis [9, 10]. PTPs generally display poor sub-
strate specificity in vitro, as they are capable of dephos-
phorylating most phosphotyrosine-containing substrates.
Therefore, PTP activity is tightly regulated in vivo to en-
sure effective signaling responses. 
Regulation of PTP activity in vivo is accomplished by a
number of mechanisms. These include alternative mes-
senger RNA (mRNA) splicing, modulation of steady-
state protein levels, posttranslational modification,
dimerization and subcellular localization. Both the cat-
alytic domain and the noncatalytic segments of PTPs con-
tribute to substrate specificity. As will be discussed fur-
ther below, the noncatalytic segments of PTPs possess
amino acid sequences that target them to specific intra-
cellular compartments in which the effective local con-
centration of a particular substrate is high.
The PTP family includes both tyrosine-specific and dual-
specific phosphatases. The tyrosine-specific phospha-
tases hydrolyze only phosphotyrosine-containing pro-
teins. In contrast, the dual-specificity phosphatases target
proteins that contain both phosphotyrosine as well as
phosphoserine or phosphothreonine residues. The tyro-
sine-specific phosphatases can be further subdivided into
two groups: the receptor-like PTPs (RPTPs) and the in-
tracellular PTPs.
Detailed enzymological studies and crystal structure
analysis of several PTPs revealed that the active site con-
tains a cysteine residue that is critically important for en-
zymatic activity, and mutation of this cysteine residue to
serine completely inactivates the enzymes. The cysteine
residue functions in nucleophilic attack on the substrate
phosphotyrosine residue, forming a transient phosphoen-
zyme intermediate. The nearby arginine residue within
the active site helps to stabilize the enzyme-substrate in-
teraction. An upstream conserved aspartic acid facilitates
this reaction by serving as a proton donor to the leaving
phenolic oxygen. The reaction is terminated by the hy-
drolysis of the phosphoenzyme intermediate. Termina-
tion is also facilitated by the same aspartic acid through
abstraction of a proton from the attacking water molecule
[9–11].

Receptor-like PTPs

The structure of RPTPs suggests that they function as an
interface between the extracellular environment of a cell
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and its intracellular signaling pathways. They usually
possess two intracellular phosphatase domains, although
some exceptions exist. Their extracellular domains are
highly variable, but all of them contain motifs that are im-
plicated in cell adhesion. Most of these molecules are or-
phan receptors, and their mode of action and functional
ligands remain largely unknown. With the exception of
type I RPTPs, all subclasses of RPTPs are expressed in
the nervous system (fig. 1 and table 1). As is discussed
below, the majority of those characterized to date are in-
volved in the regulation of neuronal adhesion, axon
growth and guidance during the central nervous system
(CNS) development.

Type IIa RPTPs

Leukocyte antigen-related (LAR) protein is the founding
member of a large subfamily of RPTPs that includes
LAR, PTPd and PTPs (CRYPa in chick). They contain
three immunoglobulin (Ig)-like domains and a variable
number of fibronectin type-III (FN-III) repeats in their
extracellular domain. The mammalian variants are
closely related to Dlar, PTP-3 and HmLAR found in
Drosophila, C. elegans and leech, respectively [12–14].
The presence of Ig-like or FN-III motifs characteristic of
cell adhesion or extracellular matrix molecules suggests
a role of these RPTPs in cell surface recognition or cell
adhesion. 
Support for this hypothesis has come mostly from re-
search with Drosophila mutants. These studies indicate
that Dlar modulates neurite path finding during develop-
ment [15, 16]. Null mutant crosses indicate that Dlar in-
fluences signal transduction of Robo (Roundabout),
netrin-1 receptor DCC (deleted in colorectal cancer), cad-
herin and several neurite-modulating receptors [17, 18].
Moreover, phosphorylation of Ena (enabled), a regulator
of actin polymerization in growth cones, is controlled by
the opposing actions of Dlar and the Abl tyrosine kinase
[19–22]. Drosophila studies have also shown that Dlar
and Abl interact with Trio, a regulator of the Rac and Rho
GTP-binding proteins that in turn control actin assembly
and neurite outgrowth [23–25]. Inhibition of HmLAR2,
the leech ortholog of Dlar, leads to neurite navigational
errors and growth cone collapse [13, 26, 27]. 
LAR, the first member of the type IIa RPTP family, is
present within neurites and growth cones [28–30] and
plays a role in neural development and regeneration
[31–34]. LAR isoforms are produced by alternative
splicing coordinated in a spatiotemporal manner during
development [35]. Several studies indicate that the LAR
family of RPTPs are prime candidates for regulating ex-
tracellular matrix (ECM)-mediated cytoskeletal reorgani-
zation and signal transduction. The role of mammalian
LAR in the regulation of actin cytoskeleton has been sug-



gested based on findings that LAR binds Trio in mam-
malian cells and that Mena, the mammalian ortholog of
Ena, is concentrated at the tips of growth cones [36, 37].
Studies in two different models of transgenic LAR-defi-
cient mice also revealed abnormalities in forebrain
cholinergic neurons and a decrease in cholinergic fiber
innervations of the hippocampus dentate gyrus [31, 32].
In addition, the laminin-nidogen complex, a major com-
ponent of the ECM that modulates neurite outgrowth,
proliferation and differentiation, has been shown to be a
ligand for a splice isoform of LAR [38]. 
In dorsal root ganglion neurons, sciatic nerve crush re-
sulted in increased LAR protein expression. The nerve in-
jury also led to an increase in the proportion of LAR iso-
form known to have increased binding affinity to
laminin-nidogen complex. Morphological analysis of dis-
tal nerve segments in LAR-deficient transgenic mice, 
2 weeks after nerve crush, demonstrated significant de-
crease in axon area and the density of myelinated fibers.

These findings suggest a role of LAR family of RPTPs in
regulating neurite outgrowth during nerve regeneration in
vivo [33]. 
PTPs is also known as LAR-PTP2, PTP-P1, CRYPa,
PTP-NU3, PTP-NE3 and CPTP1 [39–45] and is ex-
pressed in the nervous system in a developmentally regu-
lated manner. In the chick retina, PTPs is expressed in the
axons and growth cones of retinal ganglion cell and pro-
motes axon elongation as well as the formation of the
growth cone lammellipodia [46]. The function of PTPs in
vertebrates remains largely unknown. Mutant mice that
lack PTPs exhibit stunted growth, delayed development,
severe neurological defects and increased neonatal mor-
tality [47, 48]. The phosphatase domains of PTPs and
PTPd were shown to form heterodimers. The second cat-
alytic domain of PTPd binds to and inhibits the enzymatic
activity of the first catalytic domain of PTPs [49–51].
However, the biological significance of this association is
still not known. PTPd also undergoes homophillic inter-
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Figure 1. Schematic representation of major receptor PTPs, nonreceptor PTPs and DSPs expressed in the nervous system. CM, cell mem-
brane. Phosphacan represents a secreted form that consists of the entire extracellular domain. CH2, Cdc 25 homology domain.



actions and serves to promote neurite outgrowth and ad-
hesion of forebrain neurons in vitro [52]. PTPd mutant
mice show altered learning and long-term potentiation
(LTP) [53]. However, none of these defects are as severe
as the homozygous lethal defects seen when Dlar is mu-
tated in Drosophila, suggesting that in vertebrates loss of
one LAR family member may be partially compensated
for by the function of other LAR family members. It is
also possible that a truncated gene product may still be
expressed in the mutant mice, which interacts with other
LAR subfamily members and is thereby responsible for
the observed phenotype. Double and triple mutant mice
will further clarify whether the type IIa RPTPs have over-
lapping functions in the development of the vertebrate
CNS.
The LAR subfamily of RPTPs seems to recruit a group
of scaffolding proteins called liprins that link LAR to a
network of other proteins [54, 55]. Liprins are coiled-coil
proteins that contain steryl a motif (SAM) repeats in the
carboxy terminal and are divided into the a-liprins and 
b-liprins. a-Liprins bind to LAR, PTPs and PTPd,
whereas b-liprins bind to a-liprins but not to LAR fam-
ily members. The liprins are highly conserved from

worm to fly to humans and are expressed in the develop-
ing nervous system. In Drosophila, loss of a-liprin re-
sults in a reduction in both synapse size and terminal
branch complexity, an identical phenotype to Dlar loss of
function at the synapse [56]. However, the function of
liprins in vertebrates remains unclear, although it has
been proposed that liprins function to localize the LAR
family of PTPs at specific sites on the plasma membrane,
possibly to regulate their interaction with the extracellu-
lar matrix proteins or their association with intracellular
substrates.
Despite the fact that the LAR subfamily of RPTPs has
65–70% homology and interacts with common cytoplas-
mic effectors such as a-liprin, this group of RPTPs does
not exhibit homologous functions. Some of them mediate
homophilic binding, while others interact with het-
erotypic molecules. Some RPTPs mediate repulsion and
defasciculation of growing neurites, while others mediate
attraction and fasciculation. These data imply that the sig-
naling pathways controlled by type IIa RPTPs are com-
plex, and understanding the signaling events downstream
of this group of RPTPs remains a major challenge for the
future.

2468 S. Paul and P. J. Lombroso Protein tyrosine phosphatase

Table 1. Overview of receptor PTPs expressed in the nervous system.

Receptor PTPs Tissue distribution Brain localization Substrates and ligands Ref.

LAR brain, spinal cord, lungs, cortex, midbrain, trio, liprin, laminin- 27, 28, 36, 38, 41
thymus, testes, ovary, skin brain stem, cerebellum nidogen

PTPs brain, heart, kidney, lung, cortex, hippocampus liprin 28, 40, 41, 43
pancreas, muscle cerebellum, olfactory

tubercule
PTPd brain, kidney, heart, hippocampus, thalamus liprin 28, 50, 51, 59

thymus, spleen piriform cortex
PTPm brain, placenta, skeletal striatum, cortex, thalamus, cadherins, catenin, 60, 64, 67

muscle, heart, lung, hypothalamus Rack 1
PTPk brain, kidney, liver, heart, cortex, hippocampus, cadherins, catenin 57, 60, 68

intestine, placenta, periform cortex, thalamus,
skeletal muscle and lung cerebellum

PTPr brain throughout brain and unknown 61
spinal cord

PTPl brain, lungs, kidney, heart, cortex, midbrain, brain unknown 58, 60
skeletal muscle and testis stem and spinal chord

DEP-1 brain, kidney, spleen and lungs unknown p120-catenin 69–71
PTP-b brain, lung, heart, testis, liver unknown VE-cadherin 72, 73
SAP-1 brain, liver, heart and stomach unknown P130cas 74, 75
GLEPP-1 developing CNS, all regions unknown 79, 83
(CRYP-2) peripheral nervous system
PTPa brain, lung, kidney, heart, cerebrum, cerebellum pp60c-src, p59fyn, 100, 114, 116, 118

ovary, liver, stomach Grb2, PSD-95,
contactin

PTPe brain, testes, lung, spleen, unknown Grb2 101, 110
lymph node, thymus

PTPb (PTPz) brain specific hippocampus olfactory contactin 122, 124
bulb
piriform cortex, striatum

PTPg brain, lung, kidney, heart, cortex, thalamus, unknown 123
muscle, ovary hippocampus

Abbreviations: Rack 1, receptor for activated C kinase-1; DEP-1, density-enhanced phosphatase-1; SAP-1, stomach cancer-associated
PTP-1; GLEPP1, glomerular epithelial protein 1; Grb2, growth factor receptor binding protein 2.



Type IIb RPTPs

The type IIb family of vertebrate RPTPs includes PTPr,
PTPm, PTPk and PTPl. They are characterized by the
presence of an amino-terminal meprin/A5/PTPm (MAM)
domain, one Ig domain and multiple FN-III repeats in the
extracellular domain [57–61]. They are expressed in dis-
tinct patterns in the developing CNS, and PTPm, PTPk
and PTPl are also expressed in the adult brain. 
The most extensively studied members of this family are
PTPm and PTPk. Both are homophillic cell-adhesion
molecules that promote neurite outgrowth and interact
with the cadherin-catenin complex [62–64]. In retinal
cells, PTPm was found in a complex with N-cadherin, a
calcium-dependent adhesion molecule that promotes
neurite outgrowth [65, 66]. Downregulation of PTPm ex-
pression using antisense oligonucleotides or expression
of a dominant negative C-S mutant PTPm significantly
decreased neurite outgrowth on N-cadherin [65]. This
suggests that PTPm may play a dual role in the regulation
of neurite outgrowth: it may promote neurite outgrowth
by itself, presumably through homophillic interactions,
and also by an indirect mechanism involving the regula-
tion of N-cadherin function. In a more recent study, PTPm
was shown to interact in vitro with the scaffolding protein
RACK1 (receptor for activated C kinase-1) [67]. The
physiological significance of this binding remains un-
clear. PTPk and PTPl have also been shown to be associ-
ated with b-catenin and localized at cell-cell boundaries
[58, 68]. The significance of this binding is still not clear,
but it has been proposed that they control cadherin func-
tion during processes such as neurite outgrowth.

Type III RPTPs

The type III family of vertebrate RPTPs expressed in the
nervous system include DEP-1 (also known as
PTPeta/CD148/F-36-12 and Byp in mice) [69–71], 
PTP-b (VE-PTP in mouse) [72, 73], SAP-1 [74, 75] and
GLEPP-1 (PTPU2/GLEPP1/PTProt in humans, RPTP-
BK in rats, mGLEPP/mPTPRO/PTPphi in mice and
CRYP-2/cPTPRO in chicks) [76–83]. PTPS31
(PTPGMC1/PTPRQ in rats) is the fifth member of this
group and is not expressed in the nervous system [84].
Unlike other RPTPs, the PTPb group contains only one
catalytic domain and an extracellular domain composed
entirely of FN-III repeats. Members of this group that are
expressed in Drosophila include DPTP10D, DPTP52F
and DPTP4E [85–86]. They are expressed selectively in
the CNS of Drosophila and play a role in axon guidance
during development. Mutant flies lacking DPTP10D or
the related PTP, DPTP99A, have no effect on their own.
However, a role for these molecules is revealed in multi-
ple mutant combinations with DPTP69D or Dlar

[87–88]. Axon guidance at the midline of the Drosophila
CNS has been extensively studied, and it has been shown
that attractive signals emanating from the midline are re-
quired to recruit growth cones into commissural path-
ways that cross over to the contralateral side of the em-
bryo [89]. At the same time, repulsive signals from the
midline repel growth cones and prevent longitudinal ax-
ons from crossing the midline [90]. Double mutation of
DPTP69D/DPTP99A results in the inappropriate growth
of longitudinal axons across the midline [16]. Triple or
quadruple (DPTP69D/DPTP99A/DPTP10D/Dlar) RPTP
mutations result in the conversion of all detectable lon-
gitudinal tracts into commissural pathways [16].
Drosophila studies also demonstrate that DPTP69D and
DPTP10D interact with Robo, Slit and Comm (Com-
misureless), genes known to regulate axon guidance at
the Drosophila midline [91, 92]. Mutations in DPTP52F
lead to multiple CNS and motor axon guidance defects.
However, Dlar mutations are able to rescue the DPTP52F
CNS phenotype [86]. Taken together, these findings sug-
gest that both competitive and cooperative interactions
occur between the various Drosophila RPTPs to control
different aspects of axon guidance during development.
The most extensively studied vertebrate type III RPTP is
CRYP2. It is selectively expressed in neurons of the CNS
during the period of axon growth and guidance [79]. In
the retina, it is expressed in the axons and growth cones
of the projection neurons (retinal ganglion cells) and the
optic tectum, the major target of retinal projection neu-
rons [93]. Recent studies indicate that in contrast to other
RPTPs, the CRYP2 extracellular domain is antiadhesive
and inhibits neurite outgrowth in vitro [94]. It is also a po-
tent growth cone collapsing signal and acts as a repulsive
guidance cue for retinal neurons [94]. 

Type IV RPTPs

The only known members of type IV family of RPTPs are
RPTPa (also known as LRP) and RPTPe [95, 96]. They
are murine homologs of HPTPa (also called HLPR) and
HPTPe in humans [97, 98]. These PTPs are characterized
by the presence of two phosphatase domains and a very
short, highly glycosylated extracellular domain with no
adhesion motifs [95, 98–100]. Extensive sequence simi-
larities exist between both the molecules and extend be-
yond their conserved catalytic domains. PTPe is some-
what unique among PTPs in that the single PTPe gene
contains two distinct promoters, each of which gives rise
to a unique protein product: a transmembrane recep-
tor-type protein (tm-PTPe) and a cytoplasmic protein
(cyt-PTPe). They differ at their N-termini, which deter-
mine their subcellular localization and physiological
roles [101–103]. Both RPTPa and RPTPe can under-
go calpain-mediated cleavage in vivo to generate the 
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N-terminally truncated analogs, p65PTPe and p66PTPa
[104].
RPTPa is expressed in most murine tissues and most
abundantly in brain and kidney. RPTPa has been impli-
cated in several signaling pathways, including cellular
transformation [105], neuronal differentiation [106, 107],
cellular adhesion and spreading [108, 109], downregula-
tion of insulin receptor signaling [110] and activation of
some voltage-gated potassium channels [111]. Structural
studies indicate that dimerization of RPTPa negatively
regulates its activity in vivo [112]. The intracellular me-
diators of PTPa signaling are not known. However, the
tyrosine kinase pp60c-src and p59fyn are considered poten-
tial substrates of PTPa for a combination of reasons.
Both pp60c-src and p59fyn share a similar expression pattern
with PTPa [113], and endogenous PTPa associates with
p59fyn in mouse brain [114]. Over-expressed PTPa leads
to the C-terminal dephosphorylation and activation of Src
and Fyn [106, 109, 114, 115]. Moreover, PTPa has been
shown to bind to the PDZ2 domain of postsynaptic den-
sity-95 (PSD-95). Thus Src kinase, its activator PTPa and
substrate NMDA receptors are all linked by the same
scaffolding protein, PSD-95 [116]. Taken together, these
data suggest that PTPa may play a critical role in the in-
duction of LTP in the CNS. PTPa has also been shown to
bind to the adapter protein Grb2 in vivo [117], as well as
the glycosylphosphatidylinositol-linked protein contactin
a in neuronal cells [118]. 
PTPe is strongly expressed in the nervous system; how-
ever, little is known about its physiological role. Both
forms of PTPe bind to Grb2 [119]. tm-PTPe can also
downregulate insulin receptor signaling [110]. In the
nervous system, lack of cyt-PTPe expression in PTPe-
deficient mice results in reduced myelination of sciatic
nerve axons in the early stages of development. This is
associated with increased activity of voltage-gated
potassium channels (Kv) and hyper-phosphorylation of
Kv-a subunit in sciatic nerve tissues and in primary
Schwann cells [120]. However, myelination of sciatic
nerve axons in adult PTPe-deficient mice was found to
be normal. This suggests that lack of PTPe is compen-
sated by the expression of another PTP, possibly PTPs,
as PTPs-deficient mice exhibit reduced myelination of
sciatic nerve axons caused by an undetermined molecu-
lar mechanism [48].

Type V RPTPs

The type V RPTPs have two identified family members:
HPTPz/RPTPb and HPTPg/RPTPg. RPTPb is restricted
to the central and peripheral nervous system, while
RPTPg is expressed in the nervous system and in a vari-
ety of other tissues [121–125]. They have a carbonic 
anhydrase-like domain, a FN-III like domain and a 

large cysteine-free, glycine-rich region extracellularly,
and two phosphatase domains intracellularly [123, 126].
RPTPz/b are unusual among RPTPs in that they are ex-
pressed as a chodroitin sulfate proteoglycan [126, 127].
Alternative splicing produces three isoforms: a full-
length form, a short form in which a part of the glycine-
rich region is deleted, and a soluble form termed phos-
phacan, or 6B4 proteoglycan. Phosphacan consists of
only the extracellular domain and is secreted indepen-
dently of the transmembrane and intracellular domains.
RPTPg has four known isoforms, RPTPg-A, B, C and S
(a secreted form) [125]. The extracellular domain of
RPTPz binds to a number of neurite outgrowth-promot-
ing cell adhesion molecules, as well as the tenascin extra-
cellular matrix proteins, and some growth factor recep-
tors [128–135]. The interaction between phosphacans
and these molecules seems to have both stimulatory and
repulsive effects on neurite outgrowth, depending on the
particular neuron or binding molecule that is examined
[136–138]. This is probably due to competition between
phosphacan and the transmembrane forms for binding to
CAMs and extracellular matrix components. 
More recent findings indicate that the intracellular do-
main of RPTPz can interact with the PSD-95/SAP90
family proteins, indicating its involvement in the regula-
tion of synaptic function [139]. Both the intracellular and
extracellular domains of RPTPb are associated with volt-
age-gated sodium channels in brain neurons and modu-
late these channels through tyrosine phosphorylation
[140]. In addition, one study found that multiple sclerosis
lesions induce the expression of PTPRz1, the human ho-
molog of RPTPz, and that the gene is specifically ex-
pressed in remyelinating oligodendrocytes within these
lesions [141], implicating a role of RPTPz in recovery
from demyelinating diseases. 

Intracellular PTPs

The intracellular PTPs expressed in the nervous system
are further subdivided into two groups based on their sub-
strate specificity. The first group includes those that are
tyrosine specific phosphatases and include PTP1B, stri-
atal enriched phosphatase (STEP), the STEP-like phos-
phatase (PTP-SL) and the src-homology 2 domain con-
taining phosphatases (SHP1 and SHP2) (fig.1 and table
2). The second group includes those that dephosphorylate
both phosphotyrosine and phosphoserine or phosphothre-
onine. These latter phosphatases are known as dual speci-
ficity phosphatases (DSPs) that include the mitogen-acti-
vated protein kinase phosphatases (MKPs) (fig.1 and
table 3). In contrast to the receptor-like PTPs, members of
the intracellular PTPs lack a transmembrane domain,
possess a single phosphatase domain and have multiple
variable domains either in the N- or C-terminus. 
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PTP1B

PTP1B is the founding member of the family of PTPs and
serves to illustrate several of the properties of PTPs. It
was biochemically purified from human placental tissue
[142, 143]. It is expressed ubiquitously (table 2) and lo-
calizes to the cytoplasmic face of the endoplasmic retic-
ulum through the C-terminal 35 residues [144, 145].
PTP-1 is the rat homolog of PTP1B [146]. Since its dis-
covery, PTP1B has been associated with two critical
metabolic pathways. In muscle and liver, PTP1B nega-
tively regulates the insulin-signaling pathway by directly
dephosphorylating the insulin receptor. Mice lacking
functional PTP1B exhibit increased sensitivity toward in-
sulin and are resistant to obesity [147, 148]. In addition,
PTP1B negatively regulates the leptin-signaling pathway
in hypothalamic neurons. The peptide hormone leptin is
widely accepted as an important regulator of obesity and
is present in many tissues, but its effects on body mass are
mediated through neurons in the mediobasal hypothala-
mus [149]. Loss of PTP1B attenuates weight gain in mice
lacking normal hypothalamic leptin signaling, probably
via dephosphorylation of Jak2 bound to the leptin recep-
tor during signaling [150,151]. Thus, one might speculate
that PTP1B coordinately regulates both insulin and leptin
signaling to participate in homeostatic control of body
weight.
PTP1B also regulates neurite extension mediated by cell-
cell and cell-matrix adhesion molecules. PTP1B is local-
ized at the tips of growing neurites and regulates both N-
cadherin and b1-integrin, two adhesion receptor systems
that play important roles in growth cone adhesion and
guidance. It interacts with the cytoplasmic domain of N-
cadherin that is adjacent to and partially overlapping with
the binding site of b-catenin and may regulate cadherin

function through dephosphorylation of b-catenin [152,
153]. It coimmunoprecipitates with b1-integrin and ap-
pears to mediate integrin-mediated adhesion through reg-
ulation of Src activation [154]. PTP1B has also been iden-
tified as the major PTP that dephosphorylates and acti-
vates c-Src in several human breast cancer cell lines [155],
and downregulates signaling through epidermal growth
factor receptor and the tyrosine kinase p210bcr-abl [156].
These results indicate that PTP1B participates in several
signaling pathways. As a result, there is an intense effort
to obtain specific and potent inhibitors of PTP1B for bio-
logical studies and possible therapeutic interventions.

STEP and PTP-SL

STEP and PTP-SL (also known as PC 12-PTP1) belong
to a group of PTPases which currently have three mem-
bers [157–159] expressed in vertebrates. STEP is a
brain-specific phosphatase preferentially expressed in
neurons of the basal ganglia, hippocampus, cortex and re-
lated structures (table 2) [160, 161]. STEP family mem-
bers are produced by alternative splicing, and both cy-
tosolic (STEP46) and membrane-associated (STEP61)
variants exists [162, 163]. In addition, some STEP mem-
bers are truncated isoforms that lack the catalytic phos-
phatase domain [164]. Diversity among STEP isoforms
derive from either the absence or presence of specific
amino acid motifs implicated in their subcellular local-
ization, substrate specificity and regulation of catalytic
activity [163, 164]. The functions of the truncated iso-
forms are not yet known, although they may serve analo-
gous function to the tyrosine kinases that exist as trun-
cated isoforms and bind to substrates to protect them
from phosphorylation.
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Table 2. Overview of nonreceptor PTPs expressed in the nervous system.

Nonreceptor Tissue distribution Brain localization Substrates Ref.
PTPs

PTP1B ubiquitous hypothalamus, hippo- leptin, N-cadherin 146, 149–153
campus, cortex and other Jak-2, TYK2
areas of CNS

STEP brain specific striatum, hippocampus, ERK1/2, p38 (?) 161, 162, 168, 170
cortex

PTP-SL brain specific cerebellum, cerebrum ERK1/2, ERK5, p38 159, 160, 168, 173
SHP1 liver, spleen, thymus, cerebral cortex, hippo- pp60c-src 189, 190

brain, spinal cord campus, cerebellum
SHP2 brain, thymus, lung, heart, hippocampus, cerebral SHPS-1, PZR, Gab1, 199, 200, 205, 222, 

liver, muscle, stomach, cortex, striatum, thalamus, Gab2, IRSI, STAT5A, 224, 225
pancreas, kidney, colon cerebellum STAT1, NR2B

Abbreviations: PTP1B, protein tyrosine phosphatase 1B; SHP1 and 2, src homology 2 domain containing protein tyrosine phosphatase-1
and -2; STEP, striatal-enriched protein tyrosine phosphatase; PTP-SL, STEP-like protein tyrosine phosphatase; IRS1, insulin receptor sub-
strate 1; Jak-2, Janus tyrosine kinase-2; Tyk2, a nonreceptor protein tyrosine kinase; SHPS-1, SHP substrate 1; PZR, protein zero related;
Gab1 and 2, Grb2-associated binder 1 and 2; STAT, signal transducers and activators of transcription; NR2B, NMDA-receptor subunit 2B;
ERK, extracellular signal-regulated kinase.



PTP-SL and PTPBR7 are two members of the same fam-
ily that differ in the length of their N-terminal domain and
are derived from a single gene (Ptprr) through develop-
mentally regulated use of alternative promoters [165].
PTBR7 is expressed during early embryogenesis in spinal
ganglia cells as well as in developing Purkinje cells. Post-
natal PTBR7 is expressed in various regions of the adult
brain, but expression in Purkinje cells ceases and is re-
placed by the PTP-SL-specific transcript (table 2).
PTPBR7 is a type I transmembrane protein, whereas
PTP-SL appears to be a cytosolic membrane-associated
PTP, located at the perinuclear vesicular structures that
partly belong to the endosomal compartment. The
hematopoietic phosphatase, HePTP, is the third member
of this group and is not expressed in the nervous system
[166]. The only member of this group expressed in
Drosophila is PTP-ER [167].
Both STEP and PTP-SL bind to and regulate the activity
of mitogen-activated protein (MAP) kinase family mem-
bers, ERK and p38, through a short motif termed the ki-
nase interaction motif (KIM) located in their noncatalytic
regulatory domains [168]. Binding of ERK1/2 to the
KIM domain of STEP and PTP-SL inactivates the ERKs
through dephosphorylation of the regulatory tyrosine
residue and blocks nuclear translocation of the ERKs
[169, 170]. This domain is also conserved in HePTP
[171]. In addition, a region adjacent to the KIM of these
three PTPs (the KIS, or kinase specificity sequence) has
been identified that is involved in the differential recog-
nition of ERK and p38 as substrates [172]. A role for
PTP-SL in the regulation of ERK5 pathway and its down-
stream responses has also been reported [173]. Taken to-
gether, it appears that binding and regulation of MAP ki-
nases is a common property of this subgroup of PTPs. 
The binding of both STEP and PTP-SL to their substrates
is regulated by cyclic AMP (cAMP)-dependent protein
kinase-mediated phosphorylation of a serine residue
within their KIM domain [168, 174]. Phosphorylation at
the regulatory serine residue within the KIM domain ster-
ically prevents interactions with ERKs, and dephospho-
rylation of this serine residue is required for PTP-ER as-
sociations. Additional findings show that the enzymatic
activity of STEP in neurons is regulated through
dopamine/D1 receptor-mediated phosphorylation and
glutamate/N-methyl-D-aspartic acid (NMDA) receptor-
mediated dephosphorylation of the serine residue within
the KIM domain [170, 174]. STEP thus appears to act as
a switch that is activated by glutamate and inactivated by
dopamine signaling pathways. In this way, STEP is capa-
ble of regulating both the activity and duration of ERK
signaling. A second study demonstrated that STEP regu-
lates NMDA receptor channel activity and hippocampal
long-term potentiation [175]. This occurs through either
direct dephosphorylation of the receptor or through an in-
direct mechanism that leads to the dephosphorylation and

inactivation of Src-family kinase members [176]. The
fact that STEP regulates both the ERK cascade and LTP
suggests that it may play an important role in aspects of
learning and memory. Whether PTP-SL plays a similar
role in the cerebellum remains to be established.

SHP1 and SHP2

SHP-1 and SHP-2 are members of a subfamily of PTPs
that possess two src-homology 2 (SH2) domains at the N-
terminus and one phosphatase domain at the C-terminus
[177–180]. Deletion of the N-terminal SH2 domain, but
not the C-terminal SH2 domain, results in strong activa-
tion of the enzyme, suggesting that the catalytic activity
is suppressed by an intramolecular interaction involving
the N-terminal SH2 domain [181, 182]. This conclusion
is supported by the recently resolved crystal structure of
both SHP-1 and SHP-2 [183, 184]. 
SHP-1 is also known as HCP, SHPTP-1, PTP1C or
PTPN6 [177, 185, 186]. It is expressed predominantly in
hematopoietic cells [177]. A loss of function mutation in
the gene encoding SHP-1 in me/me (motheaten) mice has
confirmed the integral role of SHP-1 in the negative reg-
ulation of cell signaling in hematopoietic cells [187, 188].
However, its role in the development and differentiation
of the CNS is not well understood. In the mouse CNS,
SHP-1 is expressed in the cortex, cerebellum and cervical
spinal cord [189]. SHP-1 associates with synaptic vesi-
cles and interacts with the vesicle-associated protein
synaptophysin, suggesting its involvement in neurotrans-
mission [190]. It has also been implicated in astrocyte
proliferation and differentiation. In vivo studies show that
lack of SHP-1 leads to a decrease in the number of astro-
cytes and microglia in me/me brains [191]. In vitro stud-
ies further reveal that in astrocytes, SHP-1 modulates cy-
tokine activity through negative regulation of the Janus
kinase/signal transducer and activator of transcription
(JAK-STAT) pathway and by controlling the expression
of interferon (IFN)-inducible genes [192, 193]. Finally,
motheaten mice also display reduced myelination in the
CNS, suggesting that SHP-1 plays a role in oligodendro-
cyte differentiation, maturation and survival [189].
Mammalian SHP-2 was previously identified by several
groups and is variably named SH-PTP2, PTP1D, SH-
PTP3, PTP-2C and Syp, while its Drosophila homolog is
known as Corkscrew [194–198]. SHP-2 is expressed
ubiquitously [199, 200] and is activated by various
growth factors, including platelet-derived growth factors,
epidermal growth factor (EGF), insulin-like growth fac-
tor-1, cytokines, insulin and interferon [201–203]. SHP-
2 is a positive effector for a number of intracellular sig-
naling cascades that include the Ras-Raf-MAP kinase
and phospatidylinositol 3 (PI3) kinase pathways [204,
205]. However, it plays a negative role in the JAK-STAT
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signaling pathway initiated by IFN-a and -g [205, 206].
The significance of SHP-2 in the mammalian CNS is not
well understood, as mice homozygous for a SHP-2 muta-
tion are embryonic lethal [207, 208]. Chimeric mice gen-
erated from homozygous mutant embryonic stem (ES)
cells die at different stages of development, thereby giv-
ing us some information about the role of SHP-2 in neu-
ronal survival and function [209]. Besides abnormal limb
development, another striking observation in the
chimeric mice is that 50% of them have open eyelids, a
phenotype typical of EGF receptor knockout mice, sug-
gesting a role of SHP-2 in the regulation of EGF receptor
or its downstream effector molecules [209–211]. More
recently, it has been shown that transgenic mice overex-
pressing a dominant negative form of SHP-2 are more
susceptible to ischemia-induced brain damage and neu-
ronal death than controls [212]. SHP-2 is involved in
nerve growth factor (NGF)-mediated signaling in sympa-
thetic neurons and PC12 cells and brain-derived neuro-
trophic factor (BDNF)-mediated signaling in cultured
cerebral cortical neurons [213–215]. It has also been pro-
posed that expression of the zinc finger transcription fac-
tor, Egr-1, in the hypothalamus of mice occurs via the ac-
tivation of SHP-2 and the ERK pathways [216]. Sub-
strates of SHP-2 identified to date include SHPS-1, PZR,
Gab1, Gab2, IRSI, STAT5A and NR2B [217–223]. How-
ever, the functional significance of these interactions in
the CNS is not clearly understood. Finally, recent find-
ings indicate that SHP-2 may function as a dual-speci-
ficity phosphatase (DSP) involved in the dephosphoryla-
tion of STAT1 and STAT5A both in vitro and in vivo
[224, 225].

DSPs

The first mammalian DSP identified was the mouse im-
mediate early gene 3CH134 and its human ortholog,
CL100 [226, 227]. Initial studies showed that
3CH134/CL100 specifically dephosphorylates ERK
MAP kinase at its regulatory phosphothreonine and phos-
photyrosine residues, when compared with a number of
other phosphoproteins [228, 229]. This led to its renam-
ing as MAP kinase phosphatase-1 (MKP-1) [230]. Since
the initial cloning of MKP-1, eight additional mammalian
MKPs have been identified. These include PAC1 [231,
232] MKP-2/TYP-1/hVH-2 [233–235], B23/hVH-3
[236, 237], M3/6/ hVH-5 [238, 239], MKP-
3/PYST1/rVH6 [240–242], MKP-X/PYST2/B59 [242,
243], MKP-4 [244] and MKP-5 [245]. Expression of
some MKPs is restricted to distinct subcellular compart-
ments. MKP-1, MKP-2, B23 and PAC-1 are localized
within the nucleus [231, 233, 237, 240], whereas MKP-3
appears to be exclusively cytosolic [242]. In contrast,
MKP-4 is present in the cytosol as well as punctate nu-
clear bodies [244], and M3/6 may be either nuclear or cy-
tosolic depending on the cellular environment [239]. 
Another important development in our understanding of
MKP function came with the discovery that some MKPs
can selectively inactivate different MAP kinases. MKP-3,
at low concentration, can completely inactivate ERK1
and ERK2 but not JNK/SAPK or p38 MAP kinase [246].
In contrast, MKP-1 acts preferentially on JNK/SAPK and
p38 MAP kinases [247]. Other MKPs such as PAC1,
MKP-2, MKP-X and M3/6 have different specificities to-
ward the various MAPKs [240, 246, 248, 249]. Substrate
specificity of MKPs is ensured through protein-protein
interaction and catalytic activation of the phosphatases.
MKP-1 and MKP-2 are immediately early genes that are
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Table 3. Overview of MAP kinase phosphatases expressed in the nervous system.

Dual-specificity Tissue distribution Brain localization Substrate specificity Ref.
phosphatases

MKP-1 lung, heart, skeletal muscle, cortex, thalamus, p38 > JNK/SAPK >> 234, 247, 256, 257
brain, spleen, liver, kidney striatum, cerebellum ERK

MKP-2 heart, lung, brain, spleen, prefrontal cortex, hippo- ERK = JNK/SAPK > 234, 240, 248, 258
testis, skeletal muscle campus, cerebellum p38

MKP-3 lung, brain, heart, spleen, cerebral cortex, striatum, ERK >> JNK/SAPK 242, 246, 256, 257
liver, kidney hippocampus = p38

MKP-X (B59) heart, brain, placenta, lung, throughout the brain ERK > p38 242, 243, 249, 256
liver, skeletal muscle, kidney, 
pancreas

B 23 brain, heart, lung, liver, hippocampus, cerebellum unknown 236, 256
pancreas, skeletal muscle, 
kidney, placenta

M3/6 brain, eye, heart, skeletal unknown JNK/SAPK > P38 >> 238, 239, 246
muscle, lung ERK

Abbreviations: MKP, mitogen-activated protein (MAP) kinase phosphatase; JNK/SAPK, c-Jun N-terminal kinase/stress-activated protein
kinase; ERK, extracellular signal-regulated kinase.



induced upon activation of the ERK signaling pathway
[250]. Furthermore, MKP-1 and MKP-2 proteins are sta-
bilized by ERK phosphorylation [251]. Phosphorylation
of MKP-1 on ser 359 and ser 364 by ERK reduces the rate
of proteosome-dependent degradation and thereby stabi-
lizes it. In contrast, MKP-1 and MKP-3 are catalytically
activated only upon ERK binding to their noncatalytic
amino-terminal domain [252, 253]. Examination of the
gene structure of MKP-3 shows that the N-terminus of
MKP-3 contains a specific ERK binding domain that
confers tight association with ERK but not with other
MAPKs [253, 254]. It is also likely that there is some re-
dundancy in the expression and function of MKPs, since
deletion of the MKP-1 gene in mice had no adverse effect
on ERK activity or mouse physiology [255]. 
In situ hybridization and Northern blotting analysis
demonstrated a highly localized and distinct pattern of
expression of MKP-1, MKP-2, MKP-3, MKP-X and B23
in the brain (table 3) [234, 256]. However, the role of
these MKPs in neuronal function and development is
largely unknown. In a recent study, the role of MKP-1 and
MKP-3 was investigated in the behavioral sensitization
induced by methamphetamine treatment. The findings
suggest that in the earlier induction process, MKP-1 and
MKP-3 play important roles in neural plastic modifica-
tions that occur after drug exposure. These include synap-
togenesis, neurite sprouting, neuritic elongation and acti-
vation of MAP kinase cascades throughout most of the
brain. In the later maintenance phase of chronic drug ex-
posure that results in lasting sensitization, the MKPs ap-
pear in restricted brain regions [257]. A second study has
investigated the role of MKPs in human depressive disor-
ders. The findings demonstrate that in the postmortem
brains of suicide subjects with major depression there is
a significant decrease in ERK1/2 activity and protein ex-
pression compared with nonpsychiatric normal controls.
This is accompanied with an increase in protein expres-
sion of MKP-2. This suggests a possible role of MKP-2
in the disruption of ERK signaling in the postmortem
brains of suicide subjects with major depression [258].
However, additional studies will be necessary to clarify
the exact role of MKPs in normal brain functioning, as
well as in different neurological disorders. 

Conclusion

The coordinated and complex interaction between multi-
ple signaling cascades is the key to the orderly formation
of the CNS and requires proper function of both kinases
and phosphatases. A vast array of literature has already
established the role of kinases and serine/threonine phos-
phatases in proper CNS development. The involvement of
PTPs in a variety of intracellular signal transduction path-
ways now adds a new dimension to our understanding of

the CNS. It is quite evident that both receptor and nonre-
ceptor PTPs play important roles in many aspects of
neural morphogenesis, differentiation, maturation and
functioning under normal and pathological conditions.
Two recent articles [5, 259] have published a complete,
nonredundant list of all vertebrate PTPs. For this review
we have searched the database for the expression of each
of these PTPs in the nervous system and included those
for which substantial information exists. Additional PTPs
with known expression in the nervous system, including
PTPH1 [260], PTP-NP2 [261], and PRL-1 [262], have
not been discussed in this article, since their physiologi-
cal function and substrates are mostly unknown. Future
research on PTPs should concentrate on clarifying how
they are regulated, assessing their physiological and
pathological roles using transgenic or knockout animals,
and developing specific inhibitors. This will accelerate
the process of developing drug targets that may prove
useful for testing in disease models.

Acknowledgements. This work was supported by grant from the Na-
tional Institutes of Health to P. J. L. (MH52711). We thank Anton
Bennett, Kathleen Burke, Irina Routchkina and Ping Wang for their
help and comments on the manuscript.

1 Hubbard S. R. and Till J. H. (2000) Protein tyrosine kinase
structure and function. Annu. Rev. Biochem. 69: 373–398

2 Robinson D. R., Wu Y. M. and Lin S. F. (2000) The protein ty-
rosine kinase family of the human genome. Oncogene 19:
5548–5557

3 Cohen P. (1999) The development and therapeutic potential of
protein kinase inhibitors. Curr. Opin. Chem. Biol. 3: 459–465

4 Hunter T. (2000) Signaling – 2000 and beyond. Cell 100:
113–127

5 Andersen J. N., Mortensen O. H., Peters G. H., Drake P. G.,
Iversen L. F., Olsen O. H. et al. (2001) Structural and evolu-
tionary relationships among protein tyrosine phosphatase do-
mains. Mol. Cell. Biol. 21: 7117–7136

6 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

7 Li L. and Dixon J. E. (2000) Form, function and regulation of
protein tyrosine phosphatases and their involvement in human
diseases. Semin. Immunol. 1: 75–84

8 Van Huijsduijnen R. H., Bombrun A. and Swinnen D. (2002)
Selecting protein tyrosine phosphatases as drug targets. Drug
Discov. Today 7: 1013–1019

9 Zhang Z. Y. (1998) Protein-tyrosine phosphatases: biological
function, structural characteristics and mechanism of cataly-
sis. Crit. Rev. Biochem. Mol. Biol. 33: 1–52

10 Zhang Z. Y. (2002) Protein tyrosine phosphatases: structure
and function, substrate specificity and inhibitor development.
Annu. Rev. Pharmacol. Toxicol. 42: 209–234

11 Barford D. (1999) Structural studies of reversible protein
phosphorylation and protein phosphatases. Biochem. Soc.
Trans. 27: 751–766

12 Streuli M., Krueger N. X., Tsai A. Y. and Saito H. (1989) A
family of receptor-linked protein tyrosine phosphatases in hu-
mans and Drosophila. Proc. Natl. Acad. Sci. USA 86:
8698–8702

13 Gershon T. R., Baker M. W., Nitabach M. and Macagno E. R.
(1998) The leech receptor protein tyrosine phosphatase Hm-

2474 S. Paul and P. J. Lombroso Protein tyrosine phosphatase



LAR2 is concentrated in growth cones and is involved in
process outgrowth. Development 125: 1183–1190 

14 Harrington R. J., Gutch M. J., Hengartner M. O., Tonks N. K.
and Chisholm A. D. (2002) The C. elegans LAR-like receptor
tyrosine phosphatase PTP-3 and the VAB-1 Eph receptor ty-
rosine kinase have partly redundant functions in morphogen-
esis. Development 129: 2141–2153

15 Krueger N. X., Van Vactor D., Wan H. I., Gelbart W. M., Good-
man C. S. and Saito H. (1996) The transmembrane tyrosine
phosphatase DLAR controls motor axon guidance in
Drosophila. Cell 84: 611–622

16 Sun Q., Bahri S., Schmid A., Chia W. and Zinn K. (2000) Re-
ceptor tyrosine phosphatases regulate axon guidance across
the midline of the Drosophila embryo. Development 127:
801–812

17 Rhee J., Mahfooz N. S., Arregui C., Lilien J., Balsamo J. and
Van Berkum M. F. (2002) Activation of the repulsive receptor
Roundabout inhibits N-cadherin-mediated cell adhesion. Nat.
Cell. Biol. 4: 798–805

18 Furrer M. P., Kim S., Wolf B. and Chiba A. (2003) Robo and
Frazzled/DCC mediate dendritic guidance at the CNS mid-
line. Nat. Neurosci. 6: 223–230

19 Wills Z., Marr L., Zinn K., Goodman C. S. and Van Vactor D.
(1999) Profilin and the Abl tyrosine kinase are required for
motor axon outgrowth in the Drosophila embryo. Neuron 22:
291–299

20 Wills Z., Bateman J., Korey C. A., Comer A. and Van Vactor
D. (1999) The tyrosine kinase Abl and its substrate enabled
collaborate with the receptor phosphatase Dlar to control mo-
tor axon guidance. Neuron 22: 301–312

21 Bashaw G. J., Kidd T., Murray D., Pawson T. and Goodman C.
S. (2000) Repulsive axon guidance: Abelson and Enabled play
opposing roles downstream of the Roundabout receptor. Cell
101: 703–715

22 Lanier L. M. and Gertler F. B. (2000) From Abl to actin:Abl
tyrosine kinase and associated proteins in growth cone motil-
ity. Curr. Opin. Neurobiol. 10: 80–87

23 Bateman J., Shu H. and Van Vactor D. (2000) The guanine nu-
cleotide exchange factor trio mediates axonal development in
the Drosophila embryo. Neuron 26: 93–106

24 Liebl E. C., Forsthoefel D. J., Franco L. S., Sample S. H., Hess
J. E., Cowger J. A. et al. (2000) Dosage-sensitive, reciprocal
genetic interactions between the Abl tyrosine kinase and the
putative GEF trio reveal trio’s role in axon pathfinding. Neu-
ron 26: 107–118

25 Lin M. Z. and Greenberg M. E. (2000) Orchestral maneuvers
in the axon: Trio and the control of axon guidance. Cell 101:
239–242

26 Baker M. W., Rauth S. J. and Macagno E. R. (2000) Possible
role of the receptor protein tyrosine phosphatase HmLAR2 in
interbranch repulsion in a leech embryonic cell. J. Neurobiol.
45: 47–60

27 Longo F. M., Martignetti J. A., Le Beau J. M., Zhang J. S.,
Barnes J. P. and Brosius J. (1993) Leukocyte common antigen-
related receptor-linked tyrosine phosphatase. Regulation of
mRNA expression. J. Biol. Chem. 268: 26503–26511

28 Pulido R., Serra-Pages C., Tang M. and Streuli M. (1995) The
LAR/PTP delta/PTP sigma subfamily of transmembrane pro-
tein-tyrosine-phosphatases: 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

29 Zhang J. S., Honkaniemi J., Yang T. and Longo F. M. (1998)
LAR tyrosine phosphatase receptor: a developmental isoform
is present in neurites and growth cones and its expression is
regional- and cell-specific. Mol. Cell. Neurosci. 10: 271– 286

30 Honkaniemi J., Zhang J. S., Yang T., Zhang C., Tisi M. A. and
Longo F. M. (1998) LAR tyrosine phosphatase receptor: prox-
imal membrane alternative splicing is coordinated with re-

gional expression and intraneuronal localization. Mol. Brain
Res. 60: 1–12

31 Yeo T. T., Yang T., Massa S. M., Zhang J. S., Honkaniemi J.,
Butcher L. L. et al. (1997) Deficient LAR expression de-
creases basal forebrain cholinergic neuronal size and hip-
pocampal cholinergic innervation. J. Neurosci. Res. 47:
348–360

32 Van Lieshout E. M., Van der Heijden I., Hendriks W. J. and
Van der Zee C. E. (2001) A decrease in size and number of
basal forebrain cholinergic neurons is paralleled by dimin-
ished hippocampal cholinergic innervation in mice lacking
leukocyte common antigen-related protein tyrosine phos-
phatase activity. Neuroscience 102: 833–841

33 Xie Y., Yeo T. T., Zhang C., Yang T., Tisi M. A., Massa S. M. et
al. (2001) The leukocyte common antigen-related protein ty-
rosine phosphatase receptor regulates regenerative neurite
outgrowth in vivo. J. Neuroscience 21: 5130– 5138

34 Van Der Zee C. E., Man T. Y., Van Lieshout E. M., Van der
Heijden I., Van Bree M. and Hendriks W. J. (2003) Delayed
peripheral nerve regeneration and central nervous system col-
lateral sprouting in leucocyte common antigen-related protein
tyrosine phosphatase-deficient mice. Eur J Neurosci. 17:
991–1005

35 Zhang J. S. and Longo F. M. (1995) LAR tyrosine phosphatase
receptor: alternative splicing is preferential to the nervous sys-
tem, coordinated with cell growth and generates novel iso-
forms containing extensive CAG repeats. J. Cell Biol. 128:
415–431

36 Debant A., Serra-Pages C., Seipel K., O’Brien S., Tang M.,
Park S. H. et al. (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

37 Lanier L. M., Gates M. A., Witke W., Menzies A. S., Wehman
A. M., Macklis J. D. et al. (1999) Mena is required for neuru-
lation and commissure formation. Neuron 22: 313–325

38 O’Grady P., Thai T. C. and Saito H. (1998) The laminin-nido-
gen complex is a ligand for a specific splice isoform of the
transmembrane protein tyrosine phosphatase LAR. J. Cell
Biol. 141: 1675–1684

39 Pan M. G., Rim C., Lu K. P., Florio T. and Stork P. J. (1993)
Cloning and expression of two structurally distinct receptor-
linked protein-tyrosine phosphatases generated by RNA pro-
cessing from a single gene. J. Biol. Chem. 268: 19284–
19291

40 Walton K. M., Martell K. J., Kwak S. P., Dixon J. E. and
Largent B. L. (1993) A novel receptor-type protein tyrosine
phosphatase is expressed during neurogenesis in the olfactory
neuroepithelium. Neuron 11: 387–400

41 Sahin M., Dowling J. J. and Hockfield S. (1995) Seven protein
tyrosine phosphatases are differentially expressed in the de-
veloping rat brain. J. Comp. Neurol. 351: 617–631

42 Stoker A. W. (1994) Isoforms of a novel cell adhesion mole-
cule-like protein tyrosine phosphatase are implicated in neural
development. Mech. Dev. 46: 201–217

43 Yan H., Grossman A., Wang H., D’Eustachio P., Mossie K.,
Musacchio J. M. et al. (1993) A novel receptor tyrosine phos-
phatase-sigma that is highly expressed in the nervous system.
J. Biol. Chem. 268: 24880–24886

44 Wagner J., Boerboom D. and Tremblay M. L. (1994) Molecu-
lar cloning and tissue-specific RNA processing of a murine
receptor-type protein tyrosine phosphatase. Eur. J. Biochem.
226: 773–782

45 Zhang W. R., Hashimoto N., Ahmad F., Ding W. and Goldstein
B. J. (1994) Molecular cloning and expression of a unique re-
ceptor-like protein-tyrosine-phosphatase in the leucocyte-
common-antigen-related phosphate family. Biochem. J. 302:
39–47

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2475



46 Mueller B. K, Ledig M. M., and Wahl S. (2000) The receptor
tyrosine phosphatase CRYPalpha affects growth cone mor-
phology. J. Neurobiol. 44: 204–218

47 Elchebly M., Wagner J., Kennedy T. E., Lanctor C., Micha-
liszyn E., Itie A. et al. (1999) Neuroendocrine dysplasia in
mice lacking protein tyrosine phosphatase sigma. Nat. Genet.
21: 330–333

48 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. Nat. Genet. 21: 334–338

49 Wallace M. J, Fladd C., Batt J., and Rotin D. (1998) The sec-
ond 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

50 Mizuno K., Hasegawa K., Katagiri T., Ogimoto M., Ichikawa
T. and Yakura H. (1993) MPTP delta, a putative murine ho-
molog of HPTP delta, is expressed in specialized regions of
the brain and in the B-cell lineage. Mol. Cell Biol. 13: 5513–
5523

51 Mizuno K., Hasegawa K., Ogimoto M., Katagiri T. and Yakura
H. (1994) Developmental regulation of gene expression for
the MPTP delta isoforms in the central nervous system and the
immune system. FEBS Lett. 355: 223–228

52 Wang J. and Bixby J. L. (1999) Receptor tyrosine phos-
phatase-delta is a homophilic neurite-promoting cell adhesion
molecule for CNS neurons. Mol. Cell. Neurosci. 14: 370–384

53 Uetani N., Kato K., Ogura H., Mizuno K., Kawano K.,
Mikoshiba K. et al. (2000) Impaired learning with enhanced
hippocampal long-term potentiation in PTPdelta-deficient
mice. EMBO J. 19: 2775–2785 

54 Serra-Pages C., Kedersha N. L., Fazikas L., Medley Q., De-
bant A. and Streuli M. (1995) The LAR transmembrane pro-
tein tyrosine phosphatase and a coiled-coil LAR-interacting
protein co-localize at focal adhesions. EMBO J. 14: 2827–
2838

55 Serra-Pages C., Medley Q. G., Tang M., Hart A. and Streuli M.
(1998) Liprins, a family of LAR transmembrane protein-tyro-
sine phosphatase-interacting proteins. J. Biol. Chem. 273:
15611–15620

56 Kaufmann N., DeProto J., Ranjan R., Wan H. and Van Vactor
D. (2002) Drosophila liprin-alpha and the receptor phos-
phatase Dlar control synapse morphogenesis. Neuron 34:
27–38

57 Jiang Y. P., Wang H., D’Eustachio P., Musacchio J. M., 
Schlessinger J. and Sap J. (1993) Cloning and characterization
of R-PTP-kappa, a new member of the receptor protein tyro-
sine phosphatase family with a proteolytically cleaved cellular
adhesion molecule-like extracellular region. Mol. Cell. Biol.
13: 2942–2951

58 Cheng J., Wu K., Armanini M., O’Rourke N., Dowbenko D.
and Lasky L. A. (1997) A novel protein-tyrosine phosphatase
related to the homotypically adhering kappa and mu receptors.
J. Biol. Chem. 272: 7264–7277

59 Sommer L., Rao M. and Anderson D. J. (1997) RPTP delta
and the novel protein tyrosine phosphatase RPTP psi are ex-
pressed in restricted regions of the developing central nervous
system. Dev. Dyn. 208: 48–61

60 Fuchs M., Wang H., Ciossek T., Chen Z. and Ullrich A. (1998)
Differential expression of MAM-subfamily protein tyrosine
phosphatases during mouse development. Mech. Dev. 70:
91–109

61 McAndrew P. E., Frostholm A., White R. A., Rotter A. and
Burghes A. H. (1998) Identification and characterization of
RPTP rho, a novel RPTP mu/kappa-like receptor protein tyro-
sine phosphatase whose expression is restricted to the central
nervous system. Brain Res. Mol. Brain. Res. 56: 9–21

62 Zondag G. C., Koningstein G. M., Jiang Y. P., Sap J., Moole-
naar W. H. and Gebbink M. F. (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

63 Brady-Kalnay S. M., Rimm D. L. and Tonks N. K. (1995) 
Receptor protein tyrosine phosphatase PTPmu associates 
with cadherins and catenins in vivo. J. Cell Biol. 130: 977–
986

64 Brady-Kalnay S. M., Mourton T., Nixon J. P., Pietz G. E.,
Kinch M., Chen H. et al. (1998) Dynamic interaction of PTP
mu with multiple cadherins in vivo. J. Cell Biol. 141: 287–
296

65 Burden-Gulley S. M. and Brady-Kalnay S. M. (1999) PTPmu
regulates N-cadherin-dependent neurite outgrowth. J. Cell
Biol. 144: 1323–1336

66 Burden-Gulley S. M., Ensslen S. E. and Brady-Kalnay S. M.
(2002) Protein tyrosine phosphatase-mu differentially regu-
lates neurite outgrowth of nasal and temporal neurons in the
retina. J. Neurosci. 22: 3615–3627

67 Mourton T., Hellberg C. B., Burden-Gulley S. M., Hinman J.,
Rhee A. and Brady-Kalnay S. M. (2001) The PTPmu protein-
tyrosine phosphatase binds and recruits the scaffolding pro-
tein RACK1 to cell-cell contacts. J. Biol. Chem. 276: 14896–
14901

68 Fuchs M., Muller T., Lerch M. M. and Ullrich A. (1996) Associ-
ation of human protein-tyrosine phosphatase kappa with mem-
bers of the armadillo family. J. Biol. Chem. 271: 16712– 16719

69 Borges L. G., Seifert R. A., Grant F. J., Hart C. E., Disteche C.
M., Edelhoff S. et al. (1996) Cloning and characterization of
rat density-enhanced phosphatase-1, a protein tyrosine phos-
phatase expressed by vascular cells. Circ. Res. 79: 570–580

70 Kuramochi S., Matsuda S., Matsuda Y., Saitoh T., Ohsugi M.
and Yamamoto T. (1996) Molecular cloning and characteriza-
tion of Byp, a murine receptor-type tyrosine phosphatase sim-
ilar to human DEP-1. FEBS Lett. 378: 7–14

71 Holsinger L. J., Ward K., Duffield B., Zachwieja J. and Jallal
B. (2002) The transmembrane receptor protein tyrosine phos-
phatase DEP1 interacts with p120(ctn). Oncogene 21: 7067–
7076

72 Fachinger G., Deutsch U. and Risau W. (1999) Functional in-
teraction of vascular endothelial-protein-tyrosine phosphatase
with the angiopoietin receptor Tie-2. Oncogene 18: 5948–
5953

73 Nawroth R., Poell G., Ranft A., Kloep S., Samulowitz U.,
Fachinger G. et al. (2002) VE-PTP and VE-cadherin ecto-
domains interact to facilitate regulation of phosphorylation
and cell contacts. EMBO J. 21: 4885–4895

74 Matozaki T., Suzuki T., Uchida T., Inazawa J., Ariyama T.,
Matsuda K. et al. (1994) Molecular cloning of a human trans-
membrane-type protein tyrosine phosphatase and its expres-
sion in gastrointestinal cancers. J. Biol. Chem. 269: 2075–
2081

75 Noguchi T. et al. (2001) Inhibition of cell growth and spread-
ing by stomach cancer-associated protein-tyrosine phos-
phatase-1 (SAP-1) through dephosphorylation of p130cas. J.
Biol. Chem. 276: 15216–15224

76 Thomas P. E., Wharram B. L., Goyal M., Wiggins J. E., Holz-
man L. B. and Wiggins R. C. (1994) GLEPP1, a renal
glomerular epithelial cell (podocyte) membrane protein-tyro-
sine phosphatase. Identification, molecular cloning and char-
acterization in rabbit. J. Biol. Chem. 269: 19953–19962

77 Wiggins R. C., Wiggins J. E., Goyal M., Wharram B. L. and
Thomas P. E. (1995) Molecular cloning of cDNAs encoding
human GLEPP1, a membrane protein tyrosine phosphatase:
characterization of the GLEPP1 protein distribution in human
kidney and assignment of the GLEPP1 gene to human chro-
mosome12p12-p13. Genomics 27: 174–181

78 Seimiya H., Sawabe T., Inazawa J. and Tsuruo T. (1995)
Cloning, expression and chromosomal localization of a novel
gene for protein tyrosine phosphatase (PTP-U2) inducedby

2476 S. Paul and P. J. Lombroso Protein tyrosine phosphatase



various differentiation-inducing agents. Oncogene 10: 1731–
1738

79 Bodden K. and Bixby J. L. (1996) CRYP-2: a receptor-type ty-
rosine phosphatase selectively expressed by developing verte-
brate neurons. J. Neurobiol. 31: 309–324

80 Tagawa M., Shirasawa T., Yahagi Y., Tomoda T., Kuroyanagi
H., Fujimura S. et al. (1997) Identification of a receptor-type
protein tyrosine phosphatase expressed in postmitotic matur-
ing neurons: its structure and expression in the central nervous
system. Biochem. J. 321: 865– 871

81 Wang R., St John P. L., Kretzler M., Wiggins R. C. and Abra-
hamson D. R. (2000) Molecular cloning, expression and dis-
tribution of glomerular epithelial protein 1 in developing
mouse kidney. Kidney Int. 57: 1847–1859

82 Tomemori T., Seki N., Suzuki Y., Shimizu T., Nagata H.,
Konno A. et al. (2000) Isolation and characterization of
murine orthologue of PTP-BK. Biochem. Biophys. Res. Com-
mun. 276: 974–981

83 Beltran P. J., Bixby. L. and Masters B. A. (2003) Expression of
PTPRO during mouse development suggests involvement in
axonogenesis and differentiation of NT-3 and NGF-dependent
neurons. J. Comp. Neurol. 456: 384–395

84 Wright M. B., Hugo C., Seifert R., Disteche C. M. and Bowen-
Pope D. F. (1998) Proliferating and migrating mesangial cells
responding to injury express a novel receptor protein-tyrosine
phosphatase in experimental mesangial proliferative glomeru-
lonephritis. J. Biol. Chem. 273: 23929–23937

85 Yang X. H., Seow K. T., Bahri S. M., Oon S. H. and Chia W.
(1991) Two Drosophila receptor-like tyrosine phosphatase
genes are expressed in a subset of developing axons and pio-
neer neurons in the embryonic CNS. Cell 67: 661–673

86 Schindelholz B., Knirr M., Warrior R. and Zinn K. (2001)
Regulation of CNS and motor axon guidance in Drosophila by
the receptor tyrosine phosphatase DPTP52F. Development
128: 4371–4382

87 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

88 Desai C. J., Krueger N. X., Saito H. and Zinn K. (1997) Com-
petition and cooperation among receptor tyrosine phos-
phatases control motoneuron growth cone guidance in
Drosophila. Development 124: 1941–1952

89 Harris R., Sabatelli L. M. and Seeger M. A. (1996) Guidance
cues at the Drosophila CNS midline: identification and char-
acterization of two Drosophila Netrin/UNC-6 homologs.
Neuron 17: 217–228 

90 Brose K., Bland K. S., Wang K. H., Arnott D., Henzel W.,
Goodman C. S. et al. (1999) Slit proteins bind Robo receptors
and have an evolutionarily conserved role in repulsive axon
guidance. Cell 96: 795–806

91 Tear G., Harris R., Sutaria S., Kilomanski K., Goodman C. S.
and Seeger M. A. (1996) Commissureless controls growth
cone guidance across the CNS midline in Drosophila and en-
codes a novel membrane protein. Neuron 16: 501–514 

92 Kidd T., Bland K. S. and Goodman C. S. (1999) Slit is the mid-
line repellent for the robo receptor in Drosophila. Cell 96:
785–794

93 Ledig M. M., McKinnell I. W., Mrsic-Flogel T., Wang J., Al-
vares C., Mason I. et al. (1999) Expression of receptor tyro-
sine phosphatases during development of the retinotectal pro-
jection of the chick. J. Neurobiol. 39: 81–96 

94 Stepanek L., Sun Q. L., Wang J., Wang C. and Bixby J. L.
(2001) CRYP-2/cPTPRO is a neurite inhibitory repulsive
guidance cue for retinal neurons in vitro. J. Cell Biol. 154:
867–878

95 Matthews R. J., Cahir E. D. and Thomas M. L. (1990) Identi-
fication of an additional member of the protein-tyrosine-phos-
phatase family: evidence for alternative splicing in the tyro-

sine phosphatase domain. Proc. Natl. Acad. Sci. USA 87:
4444–4448 

96 Schepens J., Zeeuwen P., Wieringa B. and Hendriks W. (1992)
Identification and typing of members of the protein-tyrosine
phosphatase gene family expressed in mouse brain. Mol. Biol.
Rep. 16: 241–248

97 Jirik F. R., Janzen N. M., Melhado I. G. and Harder K. W.
(1990) Cloning and chromosomal assignment of a widely ex-
pressed human receptor-like protein-tyrosine phosphatase.
FEBS Lett. 273: 239–242

98 Krueger N. X., Streuli M. and Saito H. (1990) Structural di-
versity and evolution of human receptor-like protein tyrosine
phosphatases. EMBO J. 9: 3241–3252

99 Kaplan R., Morse B., Huebner K., Croce C., Howk R., Ravera
M. et al. (1990) Cloning of three human tyrosine phosphatases
reveals a multigene family of receptor-linked protein-tyro-
sine-phosphatases expressed in brain. Proc. Natl. Acad. Sci.
USA 87: 7000–7004

100 Sap J., D’Eustachio P., Givol D. and Schlessinger J. (1990)
Cloning and expression of a widely expressed receptor tyro-
sine phosphatase. Proc. Natl. Acad. Sci. USA 87: 6112–6116

101 Elson A. and Leder P. (1995) Identification of a cytoplasmic,
phorbol ester-inducible isoform of protein tyrosine phos-
phatase epsilon. Proc. Natl. Acad. Sci. USA 92: 12235–
12239 

102 Tanuma N., Nakamura K. and Kikuchi K. (1999) Distinct pro-
moters control transmembrane and cytosolic protein tyrosine
phosphatase epsilon expression during macrophage differen-
tiation. Eur. J. Biochem. 259: 46–54

103 Kraut J., Volohonsky G., Toledano-Katchalski H. and Elson A.
(2002) Nuclear localization of non-receptor protein tyrosine
phosphatase epsilon is regulated by its unique N-terminal do-
main. Exp. Cell Res. 281: 182–189

104 Gil-Henn H., Volohonsky G. and Elson A. (2001) Regulation of
protein-tyrosine phosphatases alpha and epsilon by calpain-me-
diated proteolytic cleavage. J. Biol. Chem. 276: 31772– 31779

105 Zheng X. M., Wang Y. and Pallen C. J. (1992) Cell transfor-
mation and activation of pp60c-src by overexpression of a pro-
tein tyrosine phosphatase. Nature 359: 336–339

106 Den Hertog J., Pals C. E., Peppelenbosch M. P., Tertoolen L.
G., de Laat S. W. and Kruijer W. (1993) Receptor protein ty-
rosine phosphatase alpha activates pp60c-src and is involved
in neuronal differentiation. EMBO J. 12: 3789–3798

107 Van Inzen W. G., Peppelenbosch M. P., Van den Brand M. W.,
Tertoolen L. G. and de Laat S. (1996) The role of receptor pro-
tein tyrosine phosphatase alpha in neuronal differentiation of
embryonic stem cells. Dev. Brain Res. 91: 304–307

108 Harder K. W., Moller N. P., Peacock J. W. and Jirik F. R. (1998)
Protein-tyrosine phosphatase alpha regulates Src family ki-
nases and alters cell-substratum adhesion. J. Biol. Chem. 273:
31890–31900

109 Su J, Muranjan M., and Sap J. (1999) Receptor protein tyro-
sine phosphatase alpha activates Src-family kinases and con-
trols integrin-mediated responses in fibroblasts. Curr. Biol. 9:
505–511

110 Moller N. P., Moller K. B., Lammers R., Kharitonenkov A.,
Hoppe E., Wiberg F. C. et al. (1995) Selective down-regulation
of the insulin receptor signal by protein-tyrosine phosphatases
alpha and epsilon. J. Biol. Chem. 270: 23126– 23131

111 Tsai W, Morielli A. D, Cachero T. G., and Peralta E. G. (1999)
Receptor protein tyrosine phosphatase alpha participates in
the m1 muscarinic acetylcholine receptor-dependent regula-
tion of Kv1.2 channel activity. EMBO J. 18: 109–118

112 Jiang G., den Hertog J., Su J., Noel J., Sap J. and Hunter T.
(1999) Dimerization inhibits the activity of receptor-like pro-
tein-tyrosine phosphatase-alpha. Nature 401: 606–610

113 Erpel T. and Courtneidge S. A. (1995) Src family protein ty-
rosine kinases and cellular signal transduction pathways. Curr.
Opin. Cell. Biol. 7: 176–182

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2477



114 Bhandari V., Lim K. L. and Pallen C. J. (1998) Physical and
functional interactions between receptor-like protein-tyrosine
phosphatase alpha and p59fyn. J. Biol. Chem. 273: 8691–
8698

115 Ponniah S., Wang D. Z., Lim K. L. and Pallen C. J. (1999) Tar-
geted disruption of the tyrosine phosphatase PTPalpha leads
to constitutive downregulation of the kinases Src and Fyn.
Curr. Biol. 9: 535–538

116 Lei G., Xue S., Chery N., Liu Q., Xu J., Kwan C. L. et al.
(2002) Gain control of N-methyl-D-aspartate receptor activity
by receptor-like protein tyrosine phosphatase alpha. EMBO J.
21: 2977–2989

117 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

118 Zeng L., D’Alessandri L., Kalousek M. B., Vaughan L. and
Pallen C. J. (1999) Protein tyrosine phosphatase alpha (PT-
Palpha) and contactin form a novel neuronal receptor complex
linked to the intracellular tyrosine kinase fyn. J. Cell Biol.
147: 707–714

119 Toledano-Katchalski H. and Elson A. (1999) The transmem-
branal and cytoplasmic forms of protein tyrosine phosphatase
epsilon physically associate with the adaptor molecule Grb2.
Oncogene 18: 5024–5031

120 Peretz A., Gil-Henn H., Sobko A., Shinder V., Attali B. and El-
son A. (2000) Hypomyelination and increased activity of volt-
age-gated K (+) channels in mice lacking protein tyrosine
phosphatase epsilon. EMBO J. 19: 4036–4045

121 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 car-
bonic anhydrases. Proc. Natl. Acad. Sci. USA 89: 7417–7421

122 Levy J. B., Canoll P. D., Silvennoinen O., Barnea G., Morse B.,
Honegger A. M. et al. (1993) The cloning of a receptor-type
protein tyrosine phosphatase expressed in the central nervous
system. J. Biol. Chem. 268: 10573–10581

123 Barnea G., Silvennoinen O., Shaanan B., Honegger A. M.,
Canoll P. D., D’Eustachio P. et al. (1993) Identification of a
carbonic anhydrase-like domain in the extracellular region of
RPTP gamma defines a new subfamily of receptor tyrosine
phosphatases. Mol. Cell. Biol. 13: 1497–1506

124 Snyder S. E., Li J., Schauwecker P. E., McNeill T. H. and
Salton S. R. (1996) Comparison of RPTP zeta/beta, phospha-
can and trkB mRNA expression in the developing and adult rat
nervous system and induction of RPTP zeta/beta and phos-
phacan mRNA following brain injury. Mol. Brain. Res. 40:
79–96

125 Shintani T., Maeda N., Nishiwaki T. and Noda M. (1997)
Characterization of rat receptor-like protein tyrosine phos-
phatase gamma isoforms. Biochem. Biophys. Res. Commun.
230: 419–425

126 Maurel P., Rauch U., Flad M., Margolis R. K. and Margolis R.
U. (1994) Phosphacan, a chondroitin sulfate proteoglycan of
brain that interacts with neurons and neural cell-adhesion
molecules, is an extracellular variant of a receptor-type pro-
tein tyrosine phosphatase. Proc. Natl. Acad. Sci. USA 91:
2512–2516

127 Shitara K., Yamada H., Watanabe K., Shimonaka M. and Ya-
maguchi Y. (1994) Brain-specific receptor-type protein-tyro-
sine phosphatase RPTP beta is a chondroitin sulfate proteo-
glycan in vivo. J. Biol. Chem. 269: 20189–20193

128 Sakurai T., Lustig M., Nativ M., Hemperly J. J., Schlessinger
J., Peles E. et al. (1997) Induction of neurite outgrowth
through contactin and Nr-CAM by extracellular regions of
glial receptor tyrosine phosphatase beta. J. Cell Biol. 136:
907–918

129 Maeda N., Nishiwaki T., Shintani T., Hamanaka H. and Noda
M. (1996) 6B4 proteoglycan/phosphacan, an extracellular

variant of receptor-like protein-tyrosine phosphatase zeta/
RPTPbeta, binds pleiotrophin/heparin-binding growth-associ-
ated molecule (HB-GAM). J. Biol. Chem. 271: 21446–
21452

130 Maeda N., Ichihara-Tanaka K., Kimura T., Kadomatsu K.,
Muramatsu T. and Noda M. (1999) A receptor-like protein-ty-
rosine phosphatase PTPzeta/RPTPbeta binds a heparin-bind-
ing growth factor midkine. Involvement of arginine 78 of mid-
kine in the high affinity binding to PTPzeta. J. Biol. Chem.
274: 12474–12479

131 Milev P., Meyer-Puttlitz B., Margolis R. K. and Margolis R. U.
(1995) Complex-type asparagine-linked oligosaccharides on
phosphacan and protein-tyrosine phosphatase-zeta/beta medi-
ate their binding to neural cell adhesion molecules and
tenascin. J. Biol. Chem. 270: 24650–24653

132 Milev P., Maurel P., Haring M., Margolis R. K. and Margolis
R. U. (1996) TAG-1/axonin-1 is a high-affinity ligand of neu-
rocan, phosphacan/protein-tyrosine phosphatase-zeta/beta
and N-CAM. J. Biol. Chem. 271: 15716–15723

133 Milev P., Chiba A., Haring M., Rauvala H., Schachner M.,
Ranscht B. et al. (1998) High affinity binding and overlapping
localization of neurocan and phosphacan/protein-tyrosine
phosphatase-zeta/beta with tenascin-R, amphoterin and the
heparin-binding growth-associated molecule. J. Biol. Chem.
273: 6998–7005

134 Milev P., Monnerie H., Popp S., Margolis R. K. and Margolis
R. U. (1998) The core protein of the chondroitin sulfate pro-
teoglycan phosphacan is a high-affinity ligand of fibroblast
growth factor-2 and potentiates its mitogenic activity. J. Biol.
Chem. 273: 21439–21442

135 Revest J. M., Faivre-Sarrailh C., Maeda N., Noda M.,
Schachner M. and Rougon G. (1999) The interaction between
F3 immunoglobulin domains and protein tyrosine phos-
phatases zeta/beta triggers bidirectional signalling between
neurons and glial cells. Eur. J. Neurosci. 11: 1134–1147

136 Milev P., Friedlander D. R., Sakurai T., Karthikeyan L., Flad
M., Margolis R. K. et al. (1994) Interactions of the chondroitin
sulfate proteoglycan phosphacan, the extracellular domain of
a receptor-type protein tyrosine phosphatase, with neurons,
glia and neural cell adhesion molecules. J. Cell. Biol. 127:
1703–1715

137 Maeda N. and Noda M. (1996) 6B4 proteoglycan/phosphacan
is a repulsive substratum but promotes morphological differ-
entiation of cortical neurons. Development 122: 647–658

138 Shintani T., Maeda N. and Noda M. (2001) Receptor-like 
protein tyrosine phosphatase gamma (RPTPgamma), but 
not PTPzeta/RPTPbeta, inhibits nerve-growth-factor-induc-
ed neurite outgrowth in PC12D cells. Dev. Neurosci. 23:
55–69

139 Kawachi H., Tamura H., Watakabe I., Shintani T., Maeda N.
and Noda M. (1999) Protein tyrosine phosphatase zeta/RPTP-
beta interacts with PSD-95/SAP90 family. Mol. Brain Res.
72: 47–54

140 Ratcliffe C. F., Qu Y., McCormick K. A., Tibbs V. C., Dixon J.
E., Scheuer T. et al. (2000) A sodium channel signaling com-
plex: modulation by associated receptor protein tyrosine phos-
phatase beta. Nat. Neurosci. 3: 437–444

141 Harroch S., Furtado G. C., Brueck W., Rosenbluth J., Lafaille
J., Chao M. et al. (2002) A critical role for the protein tyrosine
phosphatase receptor type Z in functional recovery from de-
myelinating lesions. Nat. Genet. 32: 411–414

142 Tonks N. K., Diltz C. D. and Fischer E. H. (1988) Characteri-
zation of the major protein-tyrosine-phosphatases of human
placenta. J. Biol. Chem. 263: 6731–6737

143 Charbonneau H., Tonks N. K., Kumar S., Diltz C. D., Harry-
lock M., Cool D. E. et al. (1989) Human placenta protein-ty-
rosine-phosphatase: amino acid sequence and relationship to
a family of receptor-like proteins. Proc. Natl. Acad. Sci. USA
86: 5252–5256

2478 S. Paul and P. J. Lombroso Protein tyrosine phosphatase



144 Frangioni J. V., Beahm P. H., Shifrin V., Jost C. A. and Neel B.
G. (1992) The nontransmembrane tyrosine phosphatase PTP-
1B localizes to the endoplasmic reticulum via its 35 amino
acid C-terminal sequence. Cell 68: 545–560

145 Goldstein B. J. (1993) Regulation of insulin receptor signaling
by protein-tyrosine dephosphorylation. Receptor 3: 1–15

146 Guan K. L., Haun R. S., Watson S. J., Geahlen R. L. and Dixon
J. E. (1990) Cloning and expression of a protein-tyrosine-
phosphatase. Proc. Natl. Acad. Sci. USA 87: 1501–1505

147 Elchebly M., Payette P., Michaliszyn E., Cromlish W., Collins
S., Loy A. L. et al. (1999) Increased insulin sensitivity and
obesity resistance in mice lacking the protein tyrosine phos-
phatase-1B gene. Science 283: 1544–1548

148 Klaman L. D., Boss O., Peroni O. D., Kim J. K., Martino J. L.,
Zabolotny J. M. et al. (2000) Increased energy expenditure,
decreased adiposity and tissue-specific insulin sensitivity in
protein-tyrosine phosphatase 1B-deficient mice. Mol. Cell.
Biol. 20: 5479–5489

149 Zabolotny J. M., Bence-Hanulec K. K., Stricker-Krongrad A.,
Haj F., Wang Y., Minokoshi Y. et al. (2002) PTP1B regulates
leptin signal transduction in vivo. Dev. Cell. 2: 489–495

150 Myers M. P., Andersen J. N., Cheng A., Tremblay M. L., Hor-
vath C. M., Parisien J. P. et al. (2001) TYK2 and JAK2 are sub-
strates of protein-tyrosine phosphatase 1B. J. Biol. Chem.
276: 47771–47774

151 Cheng A., Uetani N., Simoncic P. D., Chaubey V. P., Lee-Loy
A., McGlade C. J. et al. (2002) Attenuation of leptin action
and regulation of obesity by protein tyrosine phosphatase 1B.
Dev. Cell. 2: 497–503

152 Rhee J., Lilien J. and Balsamo J. (2001) Essential tyrosine
residues for interaction of the non-receptor protein-tyrosine
phosphatase PTP1Bwith N-cadherin. J. Biol. Chem. 276:
6640–6644

153 Xu G., Arregui C., Lilien J. and Balsamo J. (2002) PTP1B
modulates the association of beta-catenin with N-cadherin
through binding to an adjacent and partially overlapping tar-
get site. J. Biol. Chem. 277: 49989–49997

154 Pathre P., Arregui C., Wampler T., Kue I., Leung T. C., Lilien
J. et al. (2001) PTP1B regulates neurite extension mediated by
cell-cell and cell-matrix adhesion molecules. J. Neurosci. Res.
63: 143–150

155 Bjorge J. D., Pang A. and Fujita D. J. (2000) Identification of
protein-tyrosine phosphatase 1B as the major tyrosine phos-
phatase activity capable ofdephosphorylating and activating
c-Src in several human breast cancer cell lines. J. Biol. Chem.
275: 41439–41446

156 LaMontagne K. R. Jr, Flint A. J., Franza B. R. Jr, Pandergast
A. M. and Tonks N. K. (1998) Protein tyrosine phosphatase
1B antagonizes signalling by oncoprotein tyrosine kinase
p210 bcr-abl in vivo. Mol. Cell. Biol. 18: 2965–2975

157 Lombroso P. J., Murdoch G. and Lerner M. (1991) Molecular
characterization of a protein-tyrosine-phosphatase enriched in
striatum. Proc. Natl. Acad. Sci. USA 88: 7242–7246

158 Ogata M., Sawada M., Fujino Y. and Hamaoka T. (1995)
cDNA cloning and characterization of a novel receptor-type
protein tyrosine phosphatase expressed predominantly in the
brain. J. Biol. Chem. 270: 2337–2343

159 Hendriks W., Schepens J., Brugman C., Zeeuwen P. and
Wieringa B. (1995) A novel receptor-type protein tyrosine
phosphatase with a single catalytic domain is specifically ex-
pressed in mouse brain. Biochem. J. 305: 499–504

160 Lombroso P. J., Naegele J. R., Sharma E. and Lerner M.
(1993) A brain enriched protein tyrosine phosphatase is pre-
sent in dopaminoceptive neurons. J. Neurosci. 13: 3064–
3074 

161 Boulanger L. M., Lombroso P. J., Raghunathan A., During M.
J., Wahle P. and Naegele J. R. (1995) Cellular and molecular
characterization of a brain-enriched protein tyrosine phos-
phatase. J. Neurosci. 15: 1532–1544

162 Bult A., Zhao F., Dirkx R. Jr, Sharma E., Lukacsi E., Solimena
M. et al. (1996) STEP61: a member of a family of brain-en-
riched PTPs is localized to the endoplasmic reticulum. J. Neu-
rosci. 16: 7821–7831

163 Bult A., Zhao F., Dirkx R., Raghunathan A., Solimena M. and
Lombroso P. J. (1997) STEP: a family of brain enriched PTPs:
alternative splicing produces transmembrane, cytosolic and
truncated isoforms. Eur. J. Cell Biol. 72: 337–344

164 Sharma E., Zhao F., Bult A. and Lombroso P. J. (1995) Identi-
fication of two alternatively spliced transcripts of STEP: a
subfamily of brain-enriched protein tyrosine phosphatases.
Mol. Brain. Res. 32: 87–93

165 Van Den Maagdenberg A. M., Bachner D., Schepens J. T., Pe-
ters W., Fransen J. A., Wieringa B. et al. (1999) The mouse Pt-
prr gene encodes two protein tyrosine phosphatases, PTP-SL
and PTPBR7, that display distinct patterns of expression dur-
ing neural development. Eur. J. Neurosci. 11: 3832–3844

166 Zanke B., Suzuki H., Kishihara K., Mizzen L., Minden M.,
Pawson A. et al. (1992) Cloning and expression of an in-
ducible lymphoid-specific, protein tyrosine phosphatase
(HePTPase). Eur. J. Immunol. 22: 235–239

167 Karim F. D. and Rubin G. M. (1999) PTP-ER, a novel tyrosine
phosphatase, functions downstream of Ras1 to downregulate
MAP kinase during Drosophila eye development. Mol. Cell.
3: 741–750

168 Pulido R., Zuniga A. and Ulrich A. (1998) PTP-SL and STEP
protein tyrosine phosphatases regulate the activation of the ex-
tracellular signal-regulated kinases ERK1 and ERK2 by asso-
ciation through a kinase interaction motif. EMBO J. 17:
7337–7350

169 Blanco-Aparicio C., Torres J. and Pulido R. (1999) A novel
regulatory mechanism of MAP kinases activation and nuclear
translocation mediated by PKA and the PTP-SL tyrosine
phosphatase. J. Cell Biol. 147: 1129–1136

170 Paul S., Nairn A. C., Wang P. and Lombroso P. J. (2003)
NMDA-mediated activation of the tyrosine phosphatase
STEP regulates the duration of ERK signaling. Nat. Neurosci.
6: 34–42

171 Saxena M., Williams S., Tasken K. and Mustelin T. (1999)
Crosstalk between cAMP-dependent kinase and MAP kinase
through a protein tyrosine phosphatase. Nat. Cell Biol. 1:
305–311

172 Munoz J. J., Tarrega C., Blanco-Aparicio C. and Pulido R.
(2003) Differential interaction of the tyrosine phospha-
tases PTP-SL, STEP and HePTP with the MAP kinases
ERK1/2 and p38alpha is determined by a kinase specificity
sequence and influenced by reducing agents. Biochem. J. 15:
193–201

173 Buschbeck M., Eickhoff J., Sommer M. N. and Ullrich A.
2002) Phosphotyrosine-specific phosphatase PTP-SL regu-
lates the ERK5 signaling pathway. J. Biol. Chem. 277:
29503–29509

174 Paul S., Snyder G. L., Yokakura H., Picciotto M. R., Nairn A.
C. and Lombroso P. J. (2000) Dopamine/D1 receptor mediates
the phosphorylation and inactivation of the protein tyrosine
phosphatase, STEP, through a PKA-dependent pathway. J.
Neurosci. 20: 5630–5638

175 Pelkey K. A., Askalan R., Paul S., Kalia L. V., Nguyen T. H.,
Pitcher G. M. et al. (2002) Tyrosine phosphatase STEP is a
tonic brake on induction of long-term potentiation. Neuron
34: 127–138

176 Nguyen T. H., Liu J. and Lombroso P. J. (2002) Striatal en-
riched phosphatase 61 dephosphorylates Fyn at phosphotyro-
sine 420. J. Biol. Chem. 277: 24274–24279

177 Yi T. L., Cleveland J. L. and Ihle J. N. (1992) Protein tyrosine
phosphatase containing SH2 domains: characterization, pref-
erential expression in hematopoietic cells, and localization to
human chromosome 12p12-p13. Mol. Cell. Biol. 12: 836–
846

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2479



178 Freeman R. M. Jr, Plutzky J. and Neel B. G. (1992) Identifi-
cation of a human src homology 2-containing protein-tyro-
sine-phosphatase: a putative homolog of Drosophila cork-
screw. Proc. Natl. Acad. Sci. USA 89: 11239–11243

179 Neel B. G. (1993) Structure and function of SH2-domain 
containing tyrosine phosphatases. Semin. Cell Biol. 4: 419–432

180 Adachi M., Fischer E. H., Ihle J., Imai K., Jirik F., Neel B. et
al. (1996) Mammalian SH2-containing protein tyrosine phos-
phatases. Cell 85: 15

181 Pei D., Wang J. and Walsh C. T. (1996) Differential functions of
the two Src homology 2 domains in protein tyrosine phos-
phatase SH-PTP1. Proc, Natl. Acad. Sci. USA 93: 1141– 1145

182 Eck M. J., Pluskey S., Trub T., Harrison S. C. and Shoelson S.
E. (1996) Spatial constraints on the recognition of phospho-
proteins by the tandem SH2 domains of the phosphatase SH-
PTP2. Nature 379: 277–280

183 Yang J., Liang X., Niu T., Meng W., Zhao Z. and Zhou G. W.
(1998) Crystal structure of the catalytic domain of protein-ty-
rosine phosphatase SHP-1. J. Biol. Chem. 273: 28199–28207

184 Hof P., Pluskey S., Dhe-Paganon S., Eck M. J. and Shoelson
S. E. (1998) Crystal structure of the tyrosine phosphatase
SHP-2. Cell. 92: 441–450

185 Plutzky J., Neel B. G. and Rosenberg R. D. (1992) Isolation of
a src homology 2-containing tyrosine phosphatase. Proc. Natl.
Acad. Sci. USA 89: 1123–1127

186 Shen S. H., Bastien L., Posner B. I. and Chretien P. (1991) A
protein-tyrosine phosphatase with sequence similarity to the
SH2 domain of the protein-tyrosine kinases. Nature 352:
736–739

187 Shultz L. D., Schweitzer P. A., Rajan T. V., Yi T., Ihle J. N.,
Matthews R. J. et al. (1993) Mutations at the murine mothe-
aten locus are within the hematopoietic cell protein-tyrosine
phosphatase (Hcph) gene. Cell 73: 1445–1454

188 Zhang J., Somani A. K. and Siminovitch K. A. (2000) Roles of
the SHP-1 tyrosine phosphatase in the negative regulation of
cell signalling. Semin. Immunol. 12: 361–378

189 Massa P. T., Saha S., Wu C. and Jarosinski K. W. (2000) Ex-
pression and function of the protein tyrosine phosphatase
SHP-1 in oligodendrocytes. Glia 29: 376–385

190 Jena B. P., Webster P., Geibel J. P., Van den Pol A. N. and
Sritharan K. C. (1997) Localization of SH-PTP1 to synaptic
vesicles: a possible role in neurotransmission. Cell Biol. Int.
21: 469–476

191 Wishcamper C. A., Coffin J. D. and Lurie D. I. (2001) Lack of
the protein tyrosine phosphatase SHP-1 results in decreased
numbers of glia within the motheaten (me/me) mouse brain. J.
Comp. Neurol. 441: 118–133

192 Massa P. T. and Wu C. (1996) The role of protein tyrosine
phosphatase SHP-1 in the regulation of IFN-gamma signaling
in neural cells. J. Immunol. 157: 5139–5144

193 Massa P. T. and Wu C. (1998) Increased inducible activation of
NF-kappaB and responsive genes in astrocytes deficient in the
protein tyrosine phosphatase SHP-1. J. Interferon Cytokine
Res. 18: 499–507

194 Perkins L. A., Larsen I. and Perrimon N. (1992) Corkscrew
encodes a putative protein tyrosine phosphatase that functions
to transduce the terminal signal from the receptor tyrosine ki-
nase torso. Cell 70: 225–236

195 Adachi M., Sekiya M., Miyachi T., Matsuno K., Hinoda Y.,
Imai K. et al. (1992) Molecular cloning of a novel protein-ty-
rosine phosphatase SH-PTP3 with sequence similarity to the
src-homology region 2. FEBS Lett. 314: 335–339

196 Ahmad S., Banville D., Zhao Z., Fischer E. H. and Shen S. H.
(1993) A widely expressed human protein-tyrosine phos-
phatase containing src homology 2 domains. Proc. Natl. Acad.
Sci. USA 90: 2197–2201

197 Vogel W., Lammers R., Huang J. and Ullrich A. (1993) Acti-
vation of a phosphotyrosine phosphatase by tyrosine phos-
phorylation. Science 259: 1611–1614

198 Feng G. S., Hui C. C. and Pawson T. (1993) SH2-containing
phosphotyrosine phosphatase as a target of protein-tyrosine
kinases. Science 259: 1607–1611

199 Suzuki T., Matozaki T., Mizoguchi A. and Kasuga M. (1995)
Localization and subcellular distribution of SH-PTP2, a 
protein-tyrosine phosphatase with Src homology-2 do-
mains, in rat brain. Biochem. Biophys. Res. Commun. 211:
950–959

200 Servidei T., Bhide P. G., Huang Z., Moskowitz M. A., Harsh
G. and Reeves S. A. (1998) The protein tyrosine phosphatase
SHP-2 is expressed in glial and neuronal progenitor cells,
postmitotic neurons and reactive astrocytes. Neuroscience 82:
529–543

201 Kazlauskas A., Feng G. S., Pawson T. and Valius M. (1993)
The 64-kDa protein that associates with the platelet-derived
growth factor receptor beta subunit via Tyr-1009 is the SH2-
containing phosphotyrosine phosphatase Syp. Proc. Natl.
Acad. Sci. USA 90: 6939–6943

202 Lechleider R. J., Freeman R. M. Jr and Neel B. G. (1993) Ty-
rosyl phosphorylation and growth factor receptor association
of the human corkscrew homologue, SH-PTP2. J. Biol. Chem.
268: 13434–13438

203 Huyer G. and Alexander D. R. (1999) Immune signalling:
SHP-2 docks at multiple ports. Curr. Biol. 9: R129–132

204 Shi Z. Q., Lu W. and Feng G. S. (1998) The Shp-2 tyrosine
phosphatase has opposite effects in mediating the activation of
extracellular signal-regulated and c-Jun NH2-terminal mito-
gen-activated protein kinases. J. Biol. Chem. 273: 4904–
4908

205 Qu C. K. (2002) Role of the SHP-2 tyrosine phosphatase in
cytokine-induced signaling and cellular response. Biochim.
Biophys. Acta 1592: 297–301

206 You M., Yu D. H. and Feng G. S. (1999) Shp-2 tyrosine phos-
phatase functions as a negative regulator of the interferon-
stimulated Jak/STAT pathway. Mol. Cell. Biol. 19: 2416–
2424

207 Arrandale J. M., Gore-Willse A., Rocks S., Ren J. M., Zhu J.,
Davis A. et al. (1996) Insulin signaling in mice expressing re-
duced levels of Syp. J. Biol. Chem. 271: 21353–21358

208 Saxton T. M., Henkemeyer M., Gasca S., Shen R., Rossi D. J.,
Shalaby F. et al. (1997) Abnormal mesoderm patterning in
mouse embryos mutant for the SH2 tyrosine phosphatase Shp-
2. EMBO J. 16: 2352–2364

209 Qu C. K., Yu W. M., Azzarelli B., Cooper S., Broxmeyer H. E.
and Feng G. S. (1998) Biased suppression of hematopoiesis
and multiple developmental defects in chimeric mice contain-
ing Shp-2 mutant cells. Mol. Cell. Biol. 18: 6075–6082

210 Qu C. K., Yu W. M., Azzarelli B. and Feng G. S. (1999) Ge-
netic evidence that Shp-2 tyrosine phosphatase is a signal en-
hancer of the epidermal growth factor receptor in mammals.
Proc. Natl. Acad. Sci. USA 96: 8528–8533

211 Saxton T. M., Ciruna B. G., Holmyard D., Kulkarni S., Harpal
K., Rossant J. et al. (2000) The SH2 tyrosine phosphatase shp2
is required for mammalian limb development. Nat. Genet. 24:
420–423

212 Aoki Y., Huang Z., Thomas S. S., Bhide P. G., Huang I.,
Moskowitz M. A. et al. (2000) Increased susceptibility to is-
chemia-induced brain damage in transgenic mice overex-
pressing a dominant negative form of SHP2. FASEB J. 14:
1965–1973

213 Chen B., Hammonds-Odie L., Perron J., Masters B. A. and
Bixby J. L. (2002) SHP-2 mediates target-regulated axonal
termination and NGF-dependent neurite growth in sympa-
thetic neurons. Dev. Biol. 252: 170–187

214 Yamada M., Ohnishi H., Sano S., Araki T., Nakatani A.,
Ikeuchi T. et al. (1999) Brain-derived neurotrophic factor
stimulates interactions of Shp2 with phosphatidylinositol  3-
kinase and Grb2 in cultured cerebral cortical neurons. J. Neu-
rochem. 73: 41–49

2480 S. Paul and P. J. Lombroso Protein tyrosine phosphatase



215 Goldsmith B. A. and Koizumi S. (1997) Transient association
of the phosphotyrosine phosphatase SHP-2 with TrkA is in-
duced by nerve growth factor. J. Neurochem. 69: 1014–1019

216 Bjorbaek C., Buchholz R. M., Davis S. M., Bates S. H., Pier-
roz D. D., Gu H. et al. (2001) Divergent roles of SHP-2 in ERK
activation by leptin receptors. J. Biol. Chem. 276: 4747–4755

217 Fujioka Y., Matozaki T., Noguchi T., Iwamatsu A., Yamao T.,
Takahashi N. et al. (1996) A novel membrane glycoprotein,
SHPS-1, that binds the SH2-domain-containing protein tyro-
sine phosphatase SHP-2 in response to mitogens and cell ad-
hesion. Mol. Cell. Biol. 16: 6887–6899

218 Holgado-Madruga M., Emlet D. R., Moscatello D. K., God-
win A. K. and Wong A. J. (1996) A Grb2-associated docking
protein in EGF- and insulin-receptor signalling. Nature 379:
560–564

219 Gu H., Pratt J. C., Burakoff S. J. and Neel B. G. (1998)
Cloning of p97/Gab2, the major SHP2-binding protein in
hematopoietic cells, reveals a novel pathway for cytokine-in-
duced gene activation. Mol. Cell. 2: 729–740

220 Myers M. G. Jr, Mendez R., Shi P., Pierce J. H., Rhoads R. and
White M. F. (1998) The COOH-terminal tyrosine phosphory-
lation sites on IRS-1 bind SHP-2 and negatively regulate in-
sulin signaling. J. Biol. Chem. 273: 26908–26914

221 Zhao C., Yu D. H., Shen R. and Feng G. S. (1999) Gab2, a new
pleckstrin homology domain-containing adapter protein, acts
to uncouple signaling from ERK kinase to Elk-1. J. Biol.
Chem. 274: 19649–19654

222 Lin S. Y., Wu K., Len G. W., Xu J. L., Levine E. S., Suen P. C.
et al. (1999) Brain-derived neurotrophic factor enhances asso-
ciation of protein tyrosine phosphatase PTP1D with the
NMDA receptor subunit NR2B in the cortical postsynaptic
density. Mol. Brain Res. 70: 18– 25

223 Zhao R. and Zhao Z. J. (2000) Dissecting the interaction of
SHP-2 with PZR, an immunoglobulin family protein contain-
ing immunoreceptor tyrosine-based inhibitory motifs. J. Biol.
Chem. 275: 5453–5459

224 Wu T. R., Hong Y. K., Wang X. D., Ling M. Y., Dragoi A. M.,
Chung A. S. et al. (2002) SHP-2 is a dual-specificity phos-
phatase involved in Stat1 dephosphorylation at both tyrosine
and serine residues in nuclei. J. Biol. Chem. 277: 47572–
47580

225 Chen Y., Wen R., Yang S., Schuman J., Zhang E. E., Yi T. et al.
(2003) Identification of Shp-2 as a Stat5A phosphatase. J.
Biol. Chem. 278: 16520–16527

226 Keyse S. M. and Emslie E. A. (1992) Oxidative stress and heat
shock induce a human gene encoding a protein-tyrosine phos-
phatase. Nature 359: 644–647

227 Charles C. H., Abler A. S. and Lau L. F. (1992) cDNA se-
quence of a growth factor-inducible immediate early gene and
characterization of its encoded protein. Oncogene 7: 187–
190

228 Charles C. H., Sun H., Lau L. F. and Tonks N. K. (1993) The
growth factor-inducible immediate-early gene 3CH134 en-
codes a protein-tyrosine-phosphatase. Proc. Natl. Acad. Sci.
USA 90: 5292–5296

229 Alessi D. R., Smythe C. and Keyse S. M. (1993) The human
CL100 gene encodes a Tyr/Thr-protein phosphatase which po-
tently and specifically inactivates MAP kinase and suppresses
its activation by oncogenic ras in Xenopus oocyte extracts.
Oncogene 8: 2015–2020

230 Sun H., Charles C. H., Lau L. F. and Tonks N. K. (1993) MKP-
1 (3CH134), an immediate early gene product, is a dual speci-
ficity phosphatase that dephosphorylates MAP kinase in vivo.
Cell 75: 487–493

231 Rohan P. J., Davis P., Moskaluk C. A., Kearns M., Krutzsch H.,
Siebenlist U. et al. (1993) PAC-1: a mitogen-induced nuclear
protein tyrosine phosphatase. Science 259: 1763–1766

232 Ward Y., Gupta S., Jensen P., Wartmann M., Davis R. J. and
Kelly K. (1994) Control of MAP kinase activation by the mi-

togen-induced threonine/tyrosine phosphatase PAC1. Nature
367: 651–654

233 Guan K. L. and Butch E. (1995) Isolation and characterization
of a novel dual specific phosphatase, HVH2, which selec-
tively dephosphorylates the mitogen-activated protein kinase.
J. Biol. Chem. 270: 7197–7203

234 Misra-Press A., Rim C. S., Yao H., Roberson M. S. and Stork
P. J. (1995) A novel mitogen-activated protein kinase phos-
phatase. Structure, expression and regulation. J. Biol. Chem.
270: 14587–14596

235 King A. G., Ozanne B. W., Smythe C. and Ashworth A. (1995)
Isolation and characterisation of a uniquely regulated threo-
nine, tyrosine phosphatase (TYP 1) which inactivates ERK2
and p54jnk. Oncogene 11: 2553–2563

236 Ishibashi T., Bottaro D. P., Michieli P., Kelley C. A. and Aaron-
son S. A. (1994) A novel dual specificity phosphatase induced
by serum stimulation and heat shock. J. Biol. Chem. 269:
29897–29902

237 Kwak S. P. and Dixon J. E. (1995) Multiple dual specific-
ity protein tyrosine phosphatases are expressed and regulated
differentially in liver cell lines. J. Biol. Chem. 270: 1156–
1160

238 Martell K. J., Seasholtz A. F., Kwak S. P., Clemens K. K. and
Dixon J. E. (1995) hVH-5: a protein tyrosine phosphatase
abundant in brain that inactivates mitogen-activated protein
kinase. J. Neurochem. 65: 1823–1833

239 Theodosiou A. M., Rodrigues N. R., Nesbit M. A., Ambrose
H. J., Paterson H., McLellan-Arnold E. et al. (1996) A mem-
ber of the MAP kinase phosphatase gene family in mouse con-
taining a complex trinucleotide repeat in the coding region.
Hum. Mol. Genet. 5: 675–684

240 Groom L. A., Sneddon A. A., Alessi D. R., Dowd S. and Keyse
S. M. (1996) Differential regulation of the MAP, SAP and
RK/p38 kinases by Pyst1, a novel cytosolic dual-specificity
phosphatase. EMBO J. 15: 3621–3632

241 Mourey R. J., Vega Q. C., Campbell J. S., Wenderoth M. P.,
Hauschka S. D., Krebs E. G. et al. (1996) A novel cytoplasmic
dual specificity protein tyrosine phosphatase implicated in
muscle and neuronal differentiation. J. Biol. Chem. 271:
3795–3802

242 Muda M., Boschert U., Dickinson R., Martinou J. C., Marti-
nou I., Camps M. et al. (1996) MKP-3, a novel cytosolic pro-
tein-tyrosine phosphatase that exemplifies a new class of mi-
togen-activated protein kinase phosphatase. J. Biol. Chem.
271: 4319–4326

243 Shin D. Y., Ishibashi T., Choi T. S., Chung E., Chung I. Y.,
Aaronson S. A. et al. (1997) A novel human ERK phosphatase
regulates H-ras and v-raf signal transduction. Oncogene 14:
2633–2639

244 Muda M., Boschert U., Smith A., Antonsson B., Gillieron C.,
Chabert C. et al. (1997) Molecular cloning and functional
characterization of a novel mitogen-activated protein kinase
phosphatase, MKP-4. J. Biol. Chem. 272: 5141–5151

245 Tanoue T., Moriguchi T. and Nishida E. (1999) Molecular
cloning and characterization of a novel dual specificity phos-
phatase, MKP-5. J. Biol. Chem. 274: 19949–19956

246 Muda M., Theodosiou A., Rodrigues N., Boschert U., Camps
M., Gillieron C. et al. (1996) The dual specificity phos-
phatases M3/6 and MKP-3 are highly selective for inactiva-
tion of distinct mitogen-activated protein kinases. J. Biol.
Chem. 271: 27205–27208

247 Franklin C. C. and Kraft A. S. (1997) Conditional expression
of the mitogen-activated protein kinase (MAPK) phosphatase
MKP-1 preferentially inhibits p38 MAPK and stress-activated
protein kinase in U937 cells. J. Biol. Chem. 272: 16917–
16923

248 Chu Y., Solski P. A., Khosravi-Far R., Der C. J. and Kelly K.
(1996) The mitogen-activated protein kinase phosphatases
PAC1, MKP-1 and MKP-2 have unique substrate specificities

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2481



and reduced activity in vivo toward the ERK2 sevenmaker
mutation. J. Biol. Chem. 271: 6497–6501

249 Dowd S., Sneddon A. A. and Keyse S. M. (1998) Isolation of
the human genes encoding the pyst1 and Pyst2 phosphatases:
characterisation of Pyst2 as a cytosolic dual-specificity MAP
kinase phosphatase and its catalytic activation by both MAP
and SAP kinases. J. Cell. Sci. 111: 3389–3399

250 Brondello J. M., Brunet A., Pouyssegur J. and McKenzie F. R.
(1997) The dual specificity mitogen-activated protein kinase
phosphatase-1 and -2 are induced by the p42/p44MAPK cas-
cade. J. Biol. Chem. 272: 1368–1376

251 Brondello J. M., Pouyssegur J. and McKenzie F. R. (1999) 
Reduced MAP kinase phosphatase-1 degradation after
p42/p44MAPK-dependent phosphorylation. Science 286:
2514–2517

252 Slack D. N., Seternes O. M., Gabrielsen M. and Keyse S. M.
(2001) Distinct binding determinants for ERK2/p38alpha and
JNK map kinases mediate catalytic activation and substrate
selectivity of map kinase phosphatase-1. J. Biol. Chem. 276:
16491–16500

253 Camps M., Nichols A., Gillieron C., Antonsson B., Muda M.,
Chabert C. et al. (1998) Catalytic activation of the phos-
phatase MKP-3 by ERK2 mitogen-activated protein kinase.
Science 280: 1262–1265

254 Muda M., Theodosiou A., Gillieron C., Smith A., Chabert C.,
Camps M. et al. (1998) The mitogen-activated protein kinase
phosphatase-3 N-terminal noncatalytic region is responsible
for tight substrate binding and enzymatic specificity. J. Biol.
Chem. 273: 9323–9329

255 Dorfman K., Carrasco D., Gruda M., Ryan C., Lira S. A. and
Bravo R. (1996) Disruption of the erp/mkp-1 gene does not af-
fect mouse development: normal MAP kinase activity in
ERP/MKP-1-deficient fibroblasts. Oncogene 13: 925–931

256 Boschert U., Dickinson R., Muda M., Camps M. and Arkin-
stall S. (1998) Regulated expression of dual specificity pro-
tein phosphatases in rat brain. Neuroreport 9: 4081–4086

257 Takaki M., Ujike H., Kodama M., Takehisa Y., Nakata K. and
Kuroda S. (2001) Two kinds of mitogen-activated protein ki-
nase phosphatases, MKP-1 and MKP-3, are differentially ac-
tivated by acute and chronic methamphetamine treatment in
the rat brain. J. Neurochem. 79: 679–688

258 Dwivedi Y., Rizavi H. S., Roberts R. C., Conley R. C., Tam-
minga C. A. and Pandey G. N. (2001) Reduced activation 
and expression of ERK1/2 MAP kinase in the post-mortem
brain of depressed suicide subjects. J. Neurochem. 77: 916–
928

259 Walchli S., Colinge J., Hooft van Huijsduijnen R. (2000)
MetaBlasts: tracing protein tyrosine phosphatase gene family
roots from Man to Drosophila melanogaster and Caenorhab-
ditis elegans genomes. Gene 253: 137–143

260 Sahin M., Slaugenhaupt S. A., Gusella J. F. and Hockfield S.
(1995) Expression of PTPH1, a rat protein tyrosine phos-
phatase, is restricted to the derivatives of a specific di-
encephalic segment. Proc. Natl. Acad. Sci. USA 92: 7859–
7863

261 Jiang S., Tulloch A. G., Kim T. A., Fu Y., Rogers R., Gaskell
A. et al. (1998) Characterization and chromosomal localiza-
tion of PTP-NP-2, a new isoform of protein tyrosine phos-
phatase-like receptor, expressed on synaptic boutons. Gene
215: 345–359

262 Takano S., Fukuyama H., Fukumoto M., Kimura J., Xue J. H.,
Ohashi H. et al. (1996) PRL-1, a protein tyrosine phosphatase,
is expressed in neurons and oligodendrocytes in the brain and
induced in the cerebral cortex following transient forebrain 
ischemia. Brain Res. Mol Brain Res. 40: 105–115

2482 S. Paul and P. J. Lombroso Protein tyrosine phosphatase


