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ABSTRACT

Protein-tyrosine phosphorylation and dephosphorylation have been
recognized as major process for regulating cell growth and differentiation.
Much have been learned about protein-tyrosine kinases over the past 15
years, while relatively less has been known about protein-tyrosine
phosphatases (PTPases). Protein-tyrosine phosphatases have been implicated
in a number of important cellular processes including signal transduction,
cell cycle regulation, and T cell activation. I have studied hormonal
regulation of protein-tyrosine phosphatase in human tumor cells. I have
demonstrated that somatostatin can stimulate a membrane-associated
protein-tyrosine phosphatase activity in a human pancreatic carcinoma cell
line, MIA PaCa-2 cells. Vanadate completely blocked both stimulated and
basal phosphatase activity. The somatostatin stimulation of phosphatase
activity was dose-dependent and the half-maximum stimulation occured with
2 nM somatostatin.

I have also shown that the somatostatin stimulation of phosphatase activity is
mediated through a pertussis toxin-sensitive G protein coupling pathway.
Both guanosine triphosphate (GTP) and its analog 5'-
guanylyllimidodiphosphate (GppNHp) increased phosphatase activity of
MIA PaCa-2 cell membranes. The addition of somatostatin further increased
this activity. However, somatostatin stimulation of phosphatase activity was
completely blocked by the nonhydrolizable guanine nucleotide analogue
guanosine 5'-O-(2-thiodiphosphate) (GDP-BS). Somatostatin also stimulated
phosphatase activity in whole cells. This stimulation was blocked by the
pretreatment of cells with pertussis-toxin. In addition, somatostatin inhibited
both basal and EGF-stimulated DNA synthesis in MIA PaCa-2 cells, and this
inhibition can be blocked by a protein-tyrosine phosphatase inhibitor
vanadate. The stimulation of protein-tyrosine phosphatase activity by
somatostatin may be responsible for its anti-proliferative action in these cells
and may represent a general mechanism for regulating cell growth.



Protein-tyrosine phosphatases can be divided into intracellular and
transmembrane (or putative receptor) forms. The transmembrane protein-
tyrosine phosphatases are potential signal transducing receptors although
their ligands have not been identified. I have isolated two novel putative
receptor protein-tyrosine phosphatases, PTP-P1 and PTP-PS, from PC12
cells. Both PTP-P1 and PTP-PS share an identical extracellular domain and a
transmembrane domain. PTP-P1 contains two PTPase catalytic domains in
its cytoplasmic region, while PTP-PS contains only the first PTPase domain
followed by a unique 26 amino acid sequence. In addition, I have
demonstrated that PTP-P1 and PTP-PS are generated by RNA processing
from a single gene. The use of a poly-adenylation site in the intron between
the domain 1 and domain 2 of PTP-P1 generates PTP-PS, whereas
alternative splicing of the intron between the domain 1 and domain 2 of
PTP-P1 generates PTP-P1. This is the first example of RNA processing
generating two structurally distinct protein-tyrosine phosphatases within
catalytic domains.

Both PTP-P1 and PTP-PS contain PTPase activity towards a number of
synthetic substrates when expressed in E.coli. PTP-P1 is encoded by three
discret mRNA transcripts which are approximately 8, 6, and 4 kilobases,
whereas PTP-PS is encoded by a single mRNA transcript which is
approximately 4.8 kilobases. Both PTP-P1 and PTP-PS are primarily
expressed in some neuronal and endocine tissues and cells, with PTP-P1
most abundantly expressed in W2 cells and in the brain cortex. The mRNA
levels of PTP-P1 were induced by NGF during NGF-induced PC12 cell
differentiation, and by cycloheximide, a protein synthesis inhibitor,
suggesting that the NGF induction of PTP-P1 mRNA levels might be
mediated through a mechanism which increased messenger stability. These
results suggest that PTP-P1 may be involved in neuronal differentiation and
PTP-PS may be involved in more general neuronal functions.



Chapter |
INTRODUCTION AND LITERATURE REVIEW

Discovered in the 1950s by Edwin Krebs and Edmond Fischer as a means of
regulating glycogen phosphorylase activity, protein phosphorylation and
dephosphorylation have been recognized as major processes for regulating
cell growth and differentiation. A variety of cellular proteins are known to
be regulated by this process, particularly the proteins involved in signal
transduction. Signals received by cells have their effects amplified and
disseminated by a network of protein phosphorylation-dephosphorylation
events, the great complexity of which We are begining to reveal and
appreciate. Over the past decade, tremendous progress has been made
towards understanding this complexity, although much remains to be

learned.

Protein kinases and protein phosphatases are categorized by their ability to
phosphorylate or dephosphorylate either serine and threonine residues or
tyrosine residues. Accordingly, protein kinases are divided into two classes:
protein serine/threonine kinases and protein-tyrosine kinases (PTKs).
Similarly, protein phophatases are classified into protein serine/threonine
phosphatases (PP) and protein-tyrosine phosphatases (PTPases). Both
protein kinases and protein phosphatases are subject to physiological control
to promote normal cell function. About one third of cellular proteins are
phosphorylated in the resting state, and about 99% of these phosphoproteins
are phosphorylated on serine/threonine (1). Protein serine/threonine kinases

include cAMP-dependent protein kinases (PKAs), cGMP-dependent protein



kinases, protein kinase C (PKC) family, calcium/calmodulin-dependent
protein kinases (CAM kinases), and casein kinases (CKs) (2-7). They mainly
respond to extracellular signals such as hormones, growth factors, and
neurotransmitters. Protein serine/threonine phosphatases (PPs) also exist as
multiple isoforms, including PP-1, PP-2A, PP-2B, and PP-2C (8,9). Fewer
PP genes have been identified compared to protein serine/threonine kinases
and tyrosine kinases and phosphatases. They appear to have broad substrate
specificity and execute multiple functional roles within the cell. Some of

them, such as PP-2A, also possess limited PTPase activity.

Although phospho-tyrosine proteins occupy only a small percentage of total
cellular phospho-proteins, tyrosine phosphorylation plays extremely
important roles. Protein-tyrosine kinases have been major players over the
past decade in the studies of oncogenesis and signal transduction by growth
factors (10,11). Tyrosine phosphorylation was discovered by studying avian
sarcoma virus which contains a viral oncogene v-src, the first tyrosine kinase
purified (12). It was later demonstrated that v-src is a mutated gene that the
virus aquired from the mammalian genome. At the present time, at least ten
cellular members of the src kinase family have been isolated by molecular
cloning. In 1982, the EGF receptor was purified and cloned (13,14). It was
the first receptor-tyrosine kinase (RTK) discovered and triggered the
subsequent idenfication of other receptor-tyrosine kinases (PDGF receptor,

insulin receptor, and FGF receptor, etc.) (15).

Unlike well-studied PTKs, the understanding towards biological roles of
PTPases has just begun. PTPase activity was first observed in A-431 cells,

an epidermal carcinoma cell line, and in cells transformed with temperature-



sensitive mutants of Rous sarcoma virus containing pp60S7¢ (16-18).The
hunt for the PTPase took nearly 10 years as many researchers tried to isolate
it from various tissues and cell lines, but only partial purification of multiple
1soforms of PTPases was obtained (19-26). The breakthrough came about
five years ago, when Tonks et al successfully purified the first PTPase
PTP1B to homogeneity from the human placenta (27,28). The sequence of
this PTPase was surprising, as it was structurally unrelated to the
serine/threonine phophatases, but homologous to each of two tandem
repeated domains in the cytoplasmic portion of the leukocyte common
antigen CD45 (29). CD435, a transmembrane protein mainly expressed in T
lymphocytes, was later shown to possess intrinsic PTPase activity (30-32).
Soon after, a number of other transmembrane and non-transmembrane
PTPases have been 1solated from a variety of species (including viruses and
bacteria), demonstrating that the PTPases represent a diverse family of
enzymes with both intracellular and integral membrane forms and carry out
many important cellular functions (33). The long confusion that the PTPases
might play a merely housekeeping role to clean up after tyrosine kinases has

come to the end.

Structure of Protein-Tyrosine Phosphatases

There are two classifications for PTPases based on structural characeristics
(33,34). According to Fischer et al (33), the PTPase family can be divided
into two subfamilies: transmembrane and intracellular forms. The
transmembrane forms can be further divided into four types depending on
different organization of the extracellular domain. Krueger et al (34)

proposed that the family could be divided into three classes. Class I are



cytoplasmic PTPases. Class II contains receptor-linked PTPases with a
single PTPase domain, and class III contaihs }receptor-linked PTPases with
two tandem repeated PTPase domains. All intracellular PTPases (class I)
contain a single PTPase catalytic domain, which is a segment of
approxiamately 250 to 280 residues conserved in all PTPases, a cysteine
residue in the domain is essential for the PTPase activity. This essential
cysteine is located within a highly conserved core domain sequences of 11
residues (I/V HCXAGXXR(S/T)G, which is a hallmark of the PTPase
domain. Mutation of any of these residues can significantly impair PTPase
activity (35). PTPases catalyze phosphate transfer via formation of cysteine-
phosphate intermediate, a mechanism also used by serine/threonine
phosphatases (36). Some intracellular PTPases including PTP1C (also called
SH-PTP1 or HCP) (37-40), PTP1D (also called SH-PTP2 or SYP) (41-43),
Drosophila PTPase corkscrew (csw) (44), and PTP2C (45) contain two SH2
(src-homology 2 domain) domains in their N-terminus. The SH2 and SH3
domains have been demonstrated to mediate important protein-protein
interactions in signal transduction (46,47). Some intracellular PTPases like
PTP-H1 (48) and HPTP-MEG (49), contain an amino-terminal domain
which is related to cytoskeletal proteins, suggesting that certain PTPases are
involved in regulation of cytoskeleton organization. Nevertheless, a
transmembrane PTPase, CD45, was shown to be regulated by direct
interaction with the cytoskeleton (50), although CD45 contains no sequence
related to the cytoskeletal proteins. A PTPase isolated from hematopoietic
cells, termed PEP, contains a large carboxyl-terminal domain of
approximately 500 amino acids that is rich in proline, glutamic acid, serine,
and threonine residues (PEST sequences) (40). The PEST sequences are

found in proteins that are rapidly degraded. A PTPase identified in vaccinia,
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Vh1, was found to have no structural similarity to other PTPases except
cdc25 (51), a protein controlling cell entry into mitosis. The Vhl
homologues from human, mouse, and yeast have also been isolated (52-56).
These genes constitute a unique subfamily of PTPases that continues to
grow. Their gene products are usually small molecules with about 180 amino
acids and a key cysteine residue in the core domain, and their function
remains to be determined though they might play some important roles in
both the cytoplasm and nucleus. For example, they may regulate signal
attenuation by dephosphorylating certain signal transducing molecules like
MAP (mitogen-activated protein) kinases or MEK's (MAP kinase kinases).
They might also play certain roles in controlling cell cycling. Interestingly,
Vh1 is a dual-specific phosphatase which catalyzes the removal of phosphate
from both serine/threonine and tyrosine (51). The Vhl-related protein
phopsphatases have also been identified in the genomes of several
orthopoxviruses and a baculovirus (57). Not only do viruses possess PTPase
genes, a PTPase was also identified from bacteria Yersinia (58). This

PTPase, Yop51, is essential for the pathogenesis of the black plague(59).

The overall structure of transmembrane (or putative receptor) PTPases is
similar to that of receptor-tyrosine kinases such as EGF receptor, PDGF
receptor, and FGF receptor (see Figure 2). They all contain an extracellular
domain and a cytoplasmic region. Most of receptor-linked PTPases
identified to date are found to contain varying numbers of immunoglobulin-
like domain (Ig-like domain) and fibronectin type three repeats (FN-III) in
their extracellular domain. The extracellular domains of HPTPR and the
Drosophila PTPase PTP99A and DPTP10D are composed only of FN-III

domains (34,60,61). Ig domains are about 100 amino acids long and contain
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intrachain disulfide bonds, and are located near the amino-terminus of the
molecule. Ig-like domains are thought to function as cell surface recognition
structures, and are found in many adhesion molecules and growth factor
receptors including the neural-cell adhesion molecule (N-CAM) and the
PDGF receptor (62,63). FN-III repeats are about 90 amino acids and contain
a characteristic sequence motif presented in fibronectin. FN-III are found in
several proteins mediating protein-protein interaction such as cytotactin and
N-CAM (64). FN-III are also found in the receptors for growth hormone and
prolactin. It has been suggested that FN-III repeats mediate the interaction of
the receptors with ligands or with other components of the receptor complex
(64). Other than four FN-III domains and one Ig-like domain, the
extracellular region of RPTP-x contains at N-terminus a domain related to
A5 surface protein ( 65). The extracellular region of PTP{, RPTPy, and
RPTPB contain at the N-terminus a domain homologous to carbonic
anhydrases (CAH) (66,67). Barnea et al have constructed a model for the
CAH-like domain of RPTPy based on the crystal structure of CAH, and
proposed that the CAH-like domain of RPTPy may have a function other
than catalysis of hydration of metabolic CO7 (67).

Most putative receptor PTPases contain two tandem repeated PTPase
catalytic domains in their cytoplasmic region except HPTP8 (34), PTP-PS
(68), and the Drosophila PTPase DPTP10D (60,61) (see Figure 1). The N-
terminal domain (domain 1, D1) and the C-terminal domain (domain 2, D2)
usually share about 35-45% sequence identity and an almost identical core
domain. Interestingly, for some PTPases such as HPTPYy, the critical cysteine
residue in the core domain is absent in its D2. Instead, it is replaced by an

asparagine residue (34). The D1 of all putative receptor PTPases contain



PTPase activity, but D2 of most of them contains no PTPase activity when
expressed in £. coli. This difference has led to a hypothesis that D1 and D2
may play different roles in vivo. However, the D2 of HPTPa was shown to
contain relatively lower PTPase activity and distinct substrate specificity
compared to its D1 (69). The D2 of CD45 contains no PTPase activity when
expressed in bacteria, mutation of the critical cysteine in its D1 abolishes all
PTPase activity, but mutation of the cysteine in D2 does not affect PTPase
activity (35). However, it is demonstrated that the D2 of CD45 contains
viable PTPase activity when subjected to limited proteolysis by
endoproteinase Lys-C or trypsin. A construct of CD45 cytoplasmic region in
that 109 residues of the D1 catalytic domain were deleted, was expressed in
mammalian cells and was found to contain PTPase activity (70). These data
suggest that the D2 of CD45 may be a functioning' PTPase in vivo and

requires external regulation to express its activity.

I recently reported the isolation of PTP-PS, the second mammalian putative
receptor PTPase with a single PTPase domain, I will detail the identification
of PTP-PS in chapter IV. PTP-PS and PTP-P1 are generated by RNA
processing from a single gene. PTP-P1 contains two PTPase domains. This
is the first example of RNA processing generating two structurally distinct
PTPases of two different classes (according to the classification of Krueger
et al (34). The significance of this type of RNA processing is still not clear.
It is hypothesized that the D2 may play regulatory function in vivo. It is also
possible that PTP-PS and PTP-P1 may have different enzyme kinetics and
substrate specificity and may interact with different set of intracellular

proteins to regulate signal transduction or signal termination.



Function of Protein-Tyrosine Phosphatases

Compared to the structural knowledge of cloned PTPase cDNAs, the
understanding of their function is limited. However, studies using both
biochemical and genetic approaches have generated considerable

information over the past few years.

As counterparts to protein-tyrosine kinases, certain PTPases might act as
tumor suppressor genes. For example, the putative receptor PTPase HPTPy
maps to a region of the human chromosome 3p21 that is frequently deleted
in renal cell carcinoma and lung carcinoma (71). Polymorphism analysis of
this gene has provided further evidence that HPTPy might be a potential
anti-oncogene (72). The deletion of genes like this could be responsible for
the uncontrolled activity of tyrosine kinases. The inactivation of certain
activated tyrosine kinases which deliver positive signals for cell growth may
rely on PTPases. Griswold-Prenner et al (73) recently reports biochemical
evidence showing that MAP kinase can decrease EGF receptor
phosphorylation through activation of a membrane-associated PTPase
activity. In an in vitro experiment with A431 cell membrane extracts,
tyrosine phosphorylation of EGF receptor decreases rapidly after
autophosphorylation (74). This suggests that a PTPase in the membrane
extracts is able to remove phosphate from EGF receptors following
autophosphorylation. Whether or not this PTPase is same as MAP kinase-
activated PTPase is not clear. It is possible that action of this PTPase may
serve as a feedback mechanism to modulate signal transduction by receptor-

tyrosine kinases. Recently, Faure et al (75) reported that an endosome-

10
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associated PTPase might regulate the phosphorylation state of insulin
receptor and EGF receptor. There are three major tyrosine phosphorylation
sites in the insulin receptor. The sequential phosphorylation of these sites
activates the insulin receptor tyrosine kinase activity. The sequential
dephosphorylation of these three sites therefore inactivates the insulin
receptor in a similar magnitude (76). Biochemical studies also found that a
PTPase was involved in the Suppression of PDGF receptor

autophosphorylation in p21 ras -transformed cells (77).

Receptor-tyrosine kinases activate a number of signal transducing proteins
accompanied by a cascade of phosphorylation events (see Figure 3). One of
these, MAP kinase, is activated by a dual-specific kinase MEK (MAP kinase
kinase). Activated MAP kinase is phosphorylated both on tyrosine and
serine/threonine residues. MAP kinase activity reaches a maximum about 5
minutes after EGF stimulation and then decreases rapidly to basal level (78).
However, MAP kinase protein level does not vary significantly (79),
suggesting that MAP kinase activity must be deactivated by protein
modification, such as dephosphorylation. It was recently shown that a dual-
specific phosphatase HVHI1 (human homolog of vaccinia phosphatase Vhl),
can specifically dephosphorylate MAP kinase on tyrosine and threonine in
vitro (80). These results implicate that the HVHI phosphatase may
dephosphorylate MAP kinase in vivo and serve as a negative regulator to
terminate signal transduction mediated by growth factor receptors. It is very
intriguing that a mouse homolog of Vh1 phosphatase, 3CH134, whose RNA
level can be induced by many mitogens including serum, growth factors, and
phorbol esters (55). In addition, the human Vh1-related phosphatase PAC-1,

is induced upon T cell activation and mitogen stimulation(54). The
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expression of these Vhl-related phosphatases is coincident with the
inactivation of MAP kinase, suggesting that the Vh1-related phosphatases
might serve as "the off signals" to counteract "the on signals" impinged by
receptor-tyrosine kinases, forming a network of signal transduction and

attenuation within MAP kinase signaling’pathway.

Some hormones like somatostatin, dopamine, and TGF-8 have anti-
proliferative effects. The molecular mechanisms of these effects are not
completely understood. I have provided evidence that the hormone
somatostatin stimulates a membrane PTPase activity in human pancreactic
carcinoma cells, and this activity can dephosphorylate EGF receptor in vitro.
These findings suggest that somatostatin might inhibit the growth of human
tumor cells by directly restoring the balance of tyrosine phosphorylation on
critical substrates (81). Similar results have also been obtained by studying
effect of dopamine on a pituitary cell line with stably transfected dopamine
receptor D2 (82). It was also reported that angiotensin II, TGF-61, and
interleukin-6 (IL-6) stimulated PTPase activity (83-85). TGF-B1 1s known as
a growth inhibitory factor for keratinocytes (86); IL-6 is a cytokine that
induces growth arrest of M1 myeloblastic cells (87). Increased levels of
PTPase activity have also been documented in differentiated HL-60 cells and
in peripheral blood monocytes and granulocytes (88). PTPases may
selectively dephosphorylate tyrosyl residues in response to changes in the
cellular environment and provide cell with nécessary regulatory apparatus
for rapid increases or decreases in tyrosine phosphorylation level. Alteration
in PTPase activity could be involved in neoplastic processes with certain
PTPases acting as potential anti-oncogenes. Cell culture studies have

demonstrated that the inhibition of endogenous PTPase activity in non-
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transformed cells by vanadate, a specific PTPase inhibitor, can readily
induce cellular transformation (89). Increased cell density in fibroblasts is
accompanied by increased membrane PTPase activity (90), suggesting that
PTPases are involved in cell-cell contact inhibition. Microinjection of
PTP1B into Xenopus oocytes retarded the insulin-induced maturation by
dephosphorylating critical substrates that are used by the insulin receptor
tyrosine kinase (91). Transient expression of PTP1B and the T-cell protein
tyrosine phosphatase can reduce transcriptional activity of AP-1 and CREB
binding sites (92). These findings indicate that certain PTPases counteract
the activities of tyrosine kinases to promote normal cell growth and that
disruption of function of these PTPases can lead to malignant cell growth
and transformation. In fission yeast, two PTPases pypl and pyp2 were found
to negatively regulate mitosis. Overexpression of pypl or pyp2 delays the
onset of mitosis by a weel-dependent mechanism (93). Weel is a dual-
specific protein kinase which phosphorylates Tyr-15 and Thr-14 of p34cdc2,

a mitotic inducer, and subsequently inactivates it.

However, PTPases do not simply oppose action of tyrosine kinases. In many
aspects, they can work in concert with tyrosine kinases to mediate positive
cellular response. For example, it has been demonstrated that PTPases
participate in both the interferon oo (IFNa) and y (IFNY) signal transduction
pathways (94,95). It is not known if the PTPase in the IFNo pathway is the
same as the one in the IFNY pathway. However, these unidentified PTPases
may be upstream of and serve to activate a tyrosine kinase during the initial
phase of the signaling cascade, but are not necessary to maintain the further
signal transduction after the tyrosine kinase is activated, since two PTPase

inhibitors vanadate or zinc chloride, inhibited the signaling only when



incubated with membranes before the addition of IFNo or IFNYy (94,95).
IFNo interacts with its cell surface receptor and rapidly activates the
tormation of the interferon-stimulated gene factor (ISGF-3), which
subsequently translocates to the nucleus and stimulates the transcription of a
variety of early response genes. IFNYy activates a protein complex termed the
IFNvy-activating factor (GAF) in the cytoplasm through a pathway similar to
that of IFNa.. The GAF then translocates to the nucleus and activates
expression of the guanylate-binding protein. The ISGF-3 is a complex of
four different proteins and contains a tyrosine kinase (96). This kinase was

recently identified by genetic means (97).

CD45, one of the best studied PTPases, has been implicated in regulating
mmmune response and lymphocyte development. The most direct evidence
for the involvement of CD45 in regulating T cell receptor (TCR) signal
transduction has come from analysis of TCR signaling in CD45-deficient T
cells. T cell clones deficient of CD45 fail to proliferate or produce
interleukin-2 (IL-2) in response to antigen or monoclonal antibodies (98) and
fail to lyse target cells (99). The deletion of CD45 from the cells appears to
uncouple the TCR from the intracellular signal transduction machinery.
Engagement of the TCR, on two different CD45-deficient cell lines, was
also shown to be unable to induce tyrosine kinase activity,
phosphatidylinositol hydrolysis, and mobilization of intracellular calcium
(100,101). These experimental data indicate that CD45 actively participates
in normal T lymphocyte signal transduction and is required for the initiation
of signals for cell division. CD45 might act through dephophorylation of a
tyrosine residue in C-terminus of Ick and fyn kinases. The removal of

phosphate from this tyrosine residue is required for the activation of

14



members of src¢ kinase family (102-105). Both Ick and fyn have been shown
to be critical components of TCR and IL-2 signaling complexes (106-111).
More recently, transgenic mice with disruption of CD45 exon-6 have been
generated (112). The homozygotes did not express CD45. B cell
development of the mice was not affected, but thymocyte maturation was
blocked at the transitional stage from immature CD4+ and CD8* to mature
CD4- or CD8- cells, and only a few T cells could be detected in peripheral
lymphoid organs. The cytotoxic T cell response to lymphocytic
choriomeningitis virus was also absent. These data further demonstrate that
CD45, a putative receptor protein-tyrosine phosphatase, is differentially

required for the development and function of B and T lymphocytes.

The SH2 domain is also used by PTPases as a functional motif to interplay
with other signal transducing proteins. Three mammalian SH2-containing
PTPases have been isolated. Studies on these genes have revealed some
interesting insights. The first one isolated, PTP1C, was shown to be able to
associate with EGF receptor (37). It was later identified from and shown to
be mainly expressed in hematopoietic cells (38-40). Biochemical studies
have also identified that PTP1C can associate with c-Kit after CSF (colony-
stimulating factor) stimulation (113). C-Kit is a receptor-tyrosine kinase for
CSF which is required for differentiation of blood stem cells and the nervous
system in the mouse. These results indicate that PTP1C is important in
hematopoeitic cell function. Nevertheless, this PTPase was recently
identified to be responsible for a murine genetic disease (114). Mutations at
the murine motheaten locus are within this gene and exhibit severe
hematopoeitic defects. This represents the first example that a PTPase gene

is implicated in a genetic disorder. Another SH2-containing PTPase, PTP1D

5
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(or SYP or SH-PTP2) (41,42,115), was found to be regulated by physical
interaction with PDGF receptor and EGF receptor. Unlike PTP1C, PTP1D
does not dephosphorylate receptor-tyrosine kinases despite their physical
association (41,42), suggesting that PTP1C may regulate RTKs, whereas
PTP1D may be regulated by RTKs. PTP1D was phosphorylated on tyrosine
in cells overexpresssing the B PDGF receptor and this tyrosine
phosphorylation correlated with an enhancement of its PTPase activity. The
SH2 domains of PTP1C and PTP1D are essential for their interaction with
growth factor receptors. Using genetic approachés, this class of PTPases has
also been studied in Drosophila. The putative Drosophila homologue of
PTPI1D, corkscrew, was found to be a downstream signal transducer of the
torso receptor tyrosine kinase (45). Its loss-of-function mutation suppresses
the torso mutation. These findings suggest that certain PTPases are active

players in signal transduction mediated by growth factor receptors.

Some PTPases may contain potential oncogenic activity when deregulated.
As reported by Zheng et al (116), over-expression of a putative receptor
PTPase, HPTPq., can lead to malignant‘transf’ormation of fibroblasts. Over-
expressed HPTPo stimulated src kinase activity by resulting in increased
dephosphorylation of its C-terminal tyrosine residue. Whether c-src is a
physiological substrate of HPTPo remains unclear, although HPTPo can

dephosphorylate Tyr-527 of c-src in vitro.

Cell cycle control is a key step for regulation of cell growth. Over the past
five years, tremendous progress has been achieved in this field. Molecular
characterization of many gene products (cyclins, kinases, E2F,

Retinoblastoma protein, and phosphatases) involved in cell cycle regulation
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has made this field one of the most fruitful (117-122). It has been clear that
phosphatases are involved in cell cycle control, particularly the PTPase
cdc25 (123-125). Even before it was identified to be a PTPase, cdc25 had
been well studied. The cdc25 controls mitosis of cell by dephosphorylating
Tyr-15 of p34¢dc2 and subsequently activates it. Activation of p34cdc2 js
essential for cell to enter mitosis. The p34cdc2 s negatively regulated by
weel, which is a dual-specific protein kinase acting in opposite to cdc25
(126). The cdc25 protein is relatively stable, but its PTPase activity and
association with p34¢dc2/cyclin B oscillate throughout the cell cycle (127).
Its activity is increased by association with cyclin B. The cell cycle-
dependent activation of cdc2 could be due to the cell cycle-dependent
association between cdc25 and p34cde2/cyclin B complexes (127). Three
cdc25 have been isolated from human fibroblasts, termed cdc25 A, B, and C,
and all of them can be activated by cyclin B (128). These PTPases might
play critical roles in different checkpoints during the cell cycle. Recently,
Fang and Newport (129) presented evidence that two different cdc2 proteins
(p34¢cde2 and p32¢dc2) might control different checkpoints of the cell cycle,
as shown that p34¢dc2 targeted on G2-M transition whereas p32¢de2 on G1-S
phase. These findings suggest that different cdc25 may control different

checkpoints of the cell cycle by accompanying different cdc? proteins.

Protein phosphorylation and dephosphorylation have been implicated in
regulation of development. The Drosophila PTPase corkscrew is in the class
of terminal genes which is required for the formation of the head and tail of
the embryo (45). The mouse homolog of corksrew PTP1D is expressed
throughout the whole embryo development (41). Tyrosine phosphorylation

on proteins was also noted in Dictyostelium, implicating that protein tyrosine



phosphorylation and dephosphorylation might be important for regulating
cellular functions in this organism (130). A PTPase, PTP1, was isolated by
genetic means. PTP1 is an intracellular form and shares about 40% sequence
homology with most of other known PTPases. It is expressed at a very low
level in vegetative cells, but induced by 4hr, and maximally expressed at the
tight aggregate stage. The Dictyostelium mutants with PTP1 gene disruption
show accelerated development, whereas strains overexpressing PTP1 to a
high level fail to aggregate. Strains overexpressing moderate levels exhibit
severe morphological defects following aggregation (131). These results
indicate that PTP1 plays important regulatory roles during Dictyostelium

development.

Protein tyrosine phosphorylation and dephosphorylation have also been
implicated in neural function and differentiation. Over the past decade,
efforts have been focused mostly on studies of neuronal protein-tyrosine
kinases and their substrates. It is only recently that the attention has been
directed towards the protein phosphatases, but evidence is still mostly

circumstantial.

Neural transmitters modulate many important functions of the nervous
system. The nicotinic acetylcholine receptor (nAchR) is an neurotransmitter-
gated ion channel which mediates signal transduction at the postsynaptic
membrane of nicotinic cholinergic synapses. The nAchR is phosphorylated
to a high stoichimetry on tyrosine residues both ixn vitro and in vivo.
Moreover, tyrosine phosphorylation has been shown to regulate the
functional properties of the receptor. A PTPase which dephosphorylates
tyrosine-phosphorylated nAchR was purified from Torpedo electroplax, a
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tissue highly enriched in the nAchR. The purified PTPase has an apparent
molecular mass of 43 kd on SDS gel and is specific for tyrosine-
phosphorylated nAchR (132). However, its molecular identity remains to be

determined by molecular cloning.

PC12 cell line is an excellent system for studying neuronal differentiation. It
displays an endocrine cell phenotype in its resting state and can be converted
into an neuronal phenotype upon NGF induction. PTP-P1, a putative
receptor PTPase cloned from PC12 cells, is encoded by three different
transcripts approximately 8, 6, and 4kb (68). The 6kb transcript is
abundantly and specifically expressed in some neuronal cells and tissues
(68). Upon NGF stimulated differentiation of PC12 cells, mRNA level of
PTP-P1 can be increased, suggesting that this gene may be involved in
neuronal differentiation. Further evidence can be drawn from the results
obtained by Walton et al (133), who found that PTP-NE3 (identical to PTP-
P1) was expressed in olfactory epithelium in a developmental manner with
high level in the immature neurons and a lower level in mature neurons.
Recently, Wu and Bradshow demonstrated that sodium orthovanadate, an
inhibitor of PTPases, inhibited PC12 cell differentiation induced by NGF
and FGF, suggesting that the level of protein-tyrosine phosphorylation and
dephosphorylation must be kept in a balanced level during neuronal cell
differentiation (134). This result is consistent with the observation on PTP-
P1. Moreover, three PTPases with molecular mass of 500, 300, and 60 kd
were found to be activated and PTPase activity was increased 2-3 fold
during NGF-induced neuronal differentiation of PC12 cells (135),

suggesting that PTPases may be involved in neuronal differentiation process.
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Several others, mostly putative receptor PTPases, have been shown to be
specifically or abundahtly expressed in the nervous system. The STEP,
"striatum-enriched phosphatase", was found to highly enriched in the
striatum (136). RPTPB, was found to be expressed only in the brain, with the
high level of expression in the ventricular and subventricular zones of the
embryonic mouse brain, suggesting the importance of this PTPase in the
development of central nervous system (137). PTP{, was isolated from a
fetal brain cDNA library and is highly expressed in a glioblastoma cell line
(66).

Several PTPases have also been isolated from the Drosophila (see Figure 1).
Three putative receptor PTPases, DLAR, DPTP10D, and DPTP99A are
expressed in different patterns of cells in the ventral nerve cord, and all three
proteins are restricted to axons (60,61). DLAR and DPTP99A are apparently
expressed on most or all axons, while DPTP10D is mainly localized to the
anterior commisure and its junction with the longitudinal tracts (60,61). All
three PTPases possess mutiple fibronectin type three repeats, similar to that
of N-CAM, L1, and fasciclin (63,64). These extracellular elements may
mediate some of their effects in the nervous system to direct cell-cell

interaction and cell migration.

Regulation of Protein-Tyrosine Phosphatases

Our knowledge about regulation of PTPases is still in the very preliminary
stage. Similar to PTKs, PTPases are regulated in both transcriptional and
post-transcriptional steps. Some low molecular weight intracellular PTPases

are found to be immediate early genes. The serum-inducible gene 3CH134



(in murine 3T3 cells) and its human homolog CL.100 which encode proteins
related to Vh1, are rapidly and transiently expressed during Go/G1 transition
and are induced by mitogens including serum, PDGF, FGF, and TPA
(55,56). Their transcription is activated within minutes after serum
stimulation, reaches a peak level by about 20 min. The PAC-1, a nuclear
PTPase, which shares significant homology with Vhl1, is also mitogen
inducible (54). The yeast Vhl related gene, Y Vhl is induced by nitrogen
starvation (52). PTP-P1 is induced post-transcriptionally by NGF and
cycloheximide by increasing stability of messenger RNA (68).

Post-translational modifications and second messengers also modulate
PTPase activity. The PTPasev activity of a 55 kd catalytic subunit in the
particulate of various cell lines can be stimulated by isoproterol, forskolin,
and cAMP analog (138). Studies on permeabilized mast cells suggest that
the enabling reaction for exocytosis might involve protein
dephosphorylation. A recombinant rat brain PTPase was shown to stimulate
CaZ+-dependent amylase secretion from pancreatic acinar cells. The
endogerous PTPase activity was shown to be associated with the postgranule
supernant, zymogen granules, and in particulate zymogen granule
membranes (139). The involvement of a PTPase in this process may be
regulated by second messengers such as calcium. CD45, which regulates
tyrosine kinase activity of members of src family, is phosphorylated
transiently on tyrosine upon activation of Jurkat T cells (140). CD45 PTPase
activity is negatively regulated by calcium in T cells possibly through
activaﬁon of a Ca2+-calmodulin dependent phosphatase as shown that T
cells treated with ionomycin have decreased levels of serine/threonine

phosphorylation on CD45 (141). The physiological significance of these
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modifications on CD45 is not known. The SH2-containing PTPase PTP1C is
poorly active when assayed with ?arious protein substrates in vitro.
However, its activity is stimulated to >1000 fold by anionic phospholipids
when myelin basic protein or MAP kinase were used as substrates (142).
Phospholipids are known to distribute asymmetrically on cell plasma
membrane. Such distribution would allow PTP1C to be regulated, assuming
that PTP1C can associate with them and be translocated to the plasma
membrane. PTPases are also regulated by tyrosine phosphorylation. CD45 is
transiently phosphorylated on tyrosine upon activation of T cells by antigen.
The significance of this action is not clear. PTP1C is also rapidly
phosphorylated on tyrosine in macrophages by c-Kit when stimulated by
CSF (143). It is not known whether this phosphorylation affects PTP1C
activity. PTP1D is tyrosine phosphorylated by PDGF receptor both in vivo
and in vitro, and its activity is subsequently increased (43). In an in vitro
assay, it was found that the SH2 domains of PTP1D but not those of PTP1C
were phosphorylated by insulin receptor tyrosine kinase and bound to the
phosphorylated C-terminus of insulin receptors (144). It is possible that both
PTP1C and PTP1D are new members of signal transducing proteins used by

different receptor-tyrosine kinases.

Subcellular localization of PTPases provides another step for regulation. The
intracellular PTPase PTP1B, the first PTPase identified, was found to be
localized in the endoplasmic reticulum (ER), tightly associated with
microsomal membranes through its C-terminal 35 amino acids, with its
PTPase domain oriented towards the cytoplasm (145). These findings
provide new insights for regulation of cellular processes by tyrosine

phosphorylation. For example, PTP1B may serve to prevent auto-activation
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of growth factor receptors which are synthesized in and transported via the
ER. Growth factor receptors are activated by homodimerization. It is
possible that adventitious clustering of growth factor receptors could occur
in the ER, leading to ligand-independent activation. PTP1B may erase this
gratuitous event by dephosphorylating auto-phosphorylated growth factor
receptors as it does in vitro (146). Interestingly, a receptor-tyrosine kinase
Itk, was found to be in the ER upon over-expression and is suggested to be
activated by forming disulphide-linked multimers in response to changes in
redox potential within the cells (147). Ltk therefore might be a physiological
substrate for PTP1B. Other signal transducing proteins like G proteins and
cAMP-dependent protein kinase have also been found in the ER (148,149).
Some PTPases are localized to the nucleus. PAC-1, an Vhl-related and
mitogen inducible PTPase, was mainly localized in the nucleus (54).
Nevertheless, a Drosophila PTPase, dPTP61F, undergoes alternative
splicing at its 3' end of the message, altering the C-termini of the encoded
pfoteins. Each protein with a unique C-terminus is targeted to different

location: the cytoplasm or the nucleus (150).

All of the protein serine/threonine phosphatases have regulatory subunits
(8,9). However, it is unclear if this is the case for the PTPases. Purification
of PTP1B and other PTPases does not appear to copurify with additional
proteins that might represent a potential regulatory subunit. Some protein
serine/threonine phosphatases are also regulated by low molecular weight
heat-stable inhibitors (DARPP-32, Inhibitor-1). Ingebritsen (151) 1dentified
two heat-stable inhibitors for two of the PTPase activities from brain. It is

not clear if these inhibitors are similar to DARPP-32 or Inhibitor-1.



PTPases are also regulated by their sequences. Limited proteolysis resulted
in increased PTPase activity of the T-cell PTPase which contains a negative
regulatory segment in its C-terminus. Deletion of this segment leads the T-
cell PTPase to be constitutively active (152). Limited proteolysis also
stimulates PTP1C activity 8-10 folds (153). The negative regulatory segment
is also present in receptor-linked PTPases. The juktamembrane segment of
HPTPB potentially functions as a negative regulatory sequence. Deletion of

this sequence increased by 5-fold HPTPB activity (154).

Extracellular domains of some putative receptor PTPases are also
physiologically regulated. LAR is expressed on the cell surface as a complex
of two non-covalently associated subunits derived from a protein by
proteolytic cleavage and shedding of the CAM-like extracellular region. The
LAR E-subunit (145 kd) contains the cell adhesion molecule-like receptor
region, while the LAR P-subunit (85 kd) contains a short segment of the
extracellular region, the transmembrane domain, and the cytoplasmic
PTPase domain. The cleavage occurs intracellularly and at a paired basic
amino acid site by a subtilisin-like endoprotease (155,156). PTP-P1 and
PTP-PS might have a similar shedding event in their extracellular domain
since both proteins contain a cleavage site similar to that of LAR. A similar
site is also contained in another putative receptor protein tyrosine
phosphatase, RPTP-x, as a consensus sequence for cleavage by the
processing endopeptidase furin (66). However, the functional significance of
this type of shedding remains to be determined. One hypothesis could be that
the protein shedding might regulate signal transduction initiated by potential

PTPase ligand.
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It is widely accepted that potential ligands for putative receptor PTPases do
exist although they have not been identified yet. Considerable efforts are
now being made in several laboratories to tackle this problem. Putative
receptor PTPases may serve as signal transducing receptors as do their
counterpart molecules, receptor-tyrosine kinases. It was shown by cross-
linking study that CD45 can form homodimers in vivo (157), suggesting that
putative receptor PTPases may share similar mechanistic action of receptor-
tyrosine kinases. More clues were provided by the recent work from Weiss
and coworkers (158), who engineered and studied a chimeric construct
where the extracellular domain of CD45 was replaced by that of EGF
receptor. Expression of this construct in a T lymphocyte cell line deficient of
CD45 restored the lost T cell receptor (TCR) signaling. But the TCR
signaling as well as the PTPase activity of the construct were inhibited when
the cells were treated with ligand EGF, suggesting that putative receptor
PTPases may be regulated by their ligands in a manner different from

receptor-tyrosine kinases: ligand inactivation rather than ligand activation.

Upon binding to ligands, receptor-tyrosine kinases undergo
homodimerization, autophosphorylation, and subsequently activation of their
intrinsic tyrosine kinase activity (159). Autophosphorylated cytoplasmic
domains of these receptors directly or indirectly interact with and activate
several downstream signal transducing molecules to propagate signals.
These molecules include PI3 kinase (159-164), phospholipase C (PLC)
(159,165-169), GRB2 ( or Sems5 in C. elegans, drk in Drosophila) (159,170-
178), GAP (GTPase Activating Protein) (159,179-182), Ras (159),src kinase
(159,183), raf-1 kinase (184), and others. Activated PI-3 kinase
phosphorylates the inositol ring of phosphatidyl-inositol in the 3’ position
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(159). PLC catalyzes generation of diacylglycerol (DAG) which activates
protein kinase C (PKC) and generation of IP3 (inositol 1,4,5-triphosphate) to
mobilize intracellular calcium (159). Grb2 is protein which contains no
tyrosine kinase domain but only SH2 and SH3 (src-homology 3 domain)
domains and serves as an adaptor protein linking receptor-tyrosine kinases to
Ras signaling pathway in mammalian cells (The Drosophila and C. elegance
homologues of Grb2 play the similar functional role) (170-178). In
fibroblasts, EGF stimulates the formation of a ternary complex containing
Sos Grb2-EGF receptor tyrosine kinase (171,172). Sos (mammalian
homologue of son of sevenless, a Drosophila guanine nucleotide exchange
factor) is brought by Grb2 from the cytoplasm into the vicinity of its target,
plasma membrane-associated Ras (170-178). This process permits Ras to be
activated. The logical questions therefore appear: what molecular
mechanism underlies inactivation or activation of putative receptor PTPases
by ligand? Is it auto-dephosphorylation following homodimerization? What
could be the possible molecular identity of the ligand? What intracellular
proteins interact with putative receptor PTPases and transduce signals? It is
predictable that the answers will come in the next few years. Finally, it
might be worth noting that mullerian inhibitory substance (MIS), a secreted
protein related to the TGFB family, inhibits EGF receptor
autophosphorylation both in vitro and in vivo (185). Could MIS be a
potential ligand for putative receptor PTPase which might act specifically on
the EGF receptor? This would explain the effect of MIS on the EGF
receptor. We can only await another breakthrough for the PTPase studies to

come.
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