
Summary. Interest in the diverse biology of protein
tyrosine phosphatases that are encoded by more than 100
genes in the human genome continues to grow at an
accelerated pace. In particular, two cytoplasmic protein
tyrosine phosphatases composed of two Src homology 2
(SH2) NH2-terminal domains and a C-terminal protein-
tyrosine phosphatase domain referred to as SHP-1 and
SHP-2 are known to govern a host of cellular functions.
SHP-1 and SHP-2 modulate progenitor cell
development, cellular growth, tissue inflammation, and
cellular chemotaxis, but more recently the role of SHP-1
and SHP-2 to directly control cell survival involving
oxidative stress pathways has come to light. SHP-1 and
SHP-2 are fundamental for the function of several
growth factor and metabolic pathways yielding far
reaching implications for disease pathways and disorders
such as diabetes, neurodegeneration, and cancer.
Although SHP-1 and SHP-2 can employ similar or
parallel cellular pathways, these proteins also clearly
exert opposing effects upon downstream cellular
cascades that affect early and late apoptotic programs.
SHP-1 and SHP-2 modulate cellular signals that involve
phosphatidylinositol 3-kinase, Akt, Janus kinase 2,
signal transducer and activator of transcription proteins,
mitogen-activating protein kinases, extracellular signal-
related kinases, c-Jun-amino terminal kinases, and
nuclear factor-κB. Our progressive understanding of the
impact of SHP-1 and SHP-2 upon multiple cellular
environments and organ systems should continue to
facilitate the targeted development of treatments for a
variety of disease entities.
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Introduction

Protein tyrosine phosphorylation plays a variety of
significant roles in cell signaling transduction,
physiological functions, and pathological processes. At
least 107 human protein-tyrosine phosphatases (PTPs)
have been identified and form a family of receptor-like
and cytosolic enzymes (Alonso et al., 2004). The PTPs
can be divided into four groups based on their amino
acid sequence in the catalytic domain (Schaapveld et al.,
1997). Class I, II, and III are cysteine-based PTPs and
Class IV is an aspartate-based PTP. Among Class I
PTPs, 38 members have been identified in the human
genome and some of these members have been linked to
type 2 diabetes mellitus and clinical cancer susceptibility
(Andersen et al., 2004). The classical PTPs are strictly
tyrosine specific. They are subdivided into the receptor-
like PTPs (RPTPs) and the non-receptor-like PTPs
(NRPTPs) or cytosolic PTPs. The RPTPs exist in plasma
membranes while the NRPTPs occupy intracellular
compartments (Alonso et al., 2004; Stoker, 2005). 

The emerging roles of SHP-1 and SHP-2

In the PTP family, a subgroup of cytoplasmic PTPs
characterized by containing two Src homology 2 (SH2)
NH2-terminal domains and a C-terminal protein-tyrosine
phosphatase domain are referred to as SHP. They are
intimately involved in several cellular activities, such as
cytoskeletal maintenance, cell division, and cell
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differentiation (Feng et al., 1994; Bialy and Waldmann,
2005). Of these, two particular SHP proteins known as
SHP-1 (SH-PTP1, PTP1C, HCP, and SHP) and SHP-2
(SH-PTP2, PTP1D, Syp, PTP2C, and SH-PTP3) have
been linked to trophic factor signaling (Yamauchi et al.,
1995; You and Zhao, 1997), cell growth (Yi et al., 1993),
mitogen-activated protein kinase (MAPK) activity (Pani
et al., 1995), and chemotactic responses (Kim et al.,
1999). Previously, SHP-1 was believed to play a
negative role in modulating cell function, whereas SHP-
2 was believed to up-regulate a variety of cell signal
transduction processes. However, present realization of
the increasing complex functions of SHP-1 and SHP-2
has matured into a less simplistic view of the influence
of these proteins upon cell signaling pathways.

In regards to the distribution and expression of SHP-
1 and SHP-2, SHP-1 is predominantly present in
hematopoietic cells (Yi et al., 1992). Of particular
interest is the observation that both SHP-1 and SHP-2
are expressed in the nervous system in the brain cortex,
cerebellum, and the hippocampus (Suzuki et al., 1995;
Horvat et al., 2001). SHP-1 expression also has been
found in astrocytes (Lurie et al., 2000; Horvat et al.,
2001), oligodendrocytes (Massa et al., 2000), and
microglia (Kim et al., 2006). In addition, SHP-1
expression has been identified in the epithelial cells of
the prostate (Valencia et al., 1997). In contrast, SHP-2 is
ubiquitously distributed and is expressed in the nervous
system in glial cells, the central nervous system
(Servidei et al., 1998; Chong et al., 2003e), and
sympathetic neurons (Chen et al., 2002). 

SHP-1 and SHP-2 regulation of cellular development
and demise

Cellular development

High expression of SHP-1 and SHP-2 in the
hematopoietic system suggests that these two tyrosine
phosphatases play important roles in hematopoietic cell
function. SHP-1 generally exerts a negative effect upon
the hematopoietic differentiation of embryonic stem
cells and can act at different stages of embryonic stem
cell differentiation (Paling and Welham, 2005).
Expression of dominant-negative forms of SHP-1 in
embryonic stem cells illustrates that SHP-1 acts at
multiple stages of hematopoietic differentiation to alter
cell lineage and progenitor cell number. Yet, there
instances in which SHP-1 can function as a positive
regulator to promote oligodendrocyte function for the
formation of myelin sheaths (Massa et al., 2004).

SHP-2 has been shown to be required for
hemangioblast, primitive, and progenitor hematopoietic
cell development (Chan and Yoder, 2004). Reduction of
SHP-2 expression through SHP-2 siRNA transfection
significantly decreases the formation of hematopoietic
progenitor formation and also blocks fibroblast growth
factor induced hemangioblast formation (Zou et al.,
2006a). In addition, blastocysts with a SHP-2 null

mutation may initially develop normally, but eventually
are unable to yield trophoblast stem cell lines,
illustrating that SHP-2 can control trophoblast stem cell
survival (Yang et al., 2006). Development of embryonic
cells with a homozygous SHP-2 mutation also leads to
the suppression of hematopoietic cell differentiation, but
appears to have more severe ramifications with the
impaired development of cardiac muscle cells (Qu and
Feng, 1998). Consistent with these studies,
haploinsufficiency of SHP-2 results in a reduction in
hematopoietic stem cells after transplantation into
lethally irradiated recipients (Chan et al., 2006). Yet,
some investigations suggest that the role of SHP-2
during hematopoietic cell survival is not entirely clear.
For example, through pathways that can
dephosphorylate signal transducer and activator of
transcription 5 (STAT5), overexpression of SHP-2 has
been shown to depress the ability of primary bone
marrow hematopoietic progenitor cells to differentiate
and proliferate leading to a negative regulatory effect
upon hematopoietic cell survival (Chen et al., 2004).

In the nervous system, SHP-2 can play a role in
brain development. Expression of SHP-2 is present in
both mitotic and post-mitotic neurons during rodent
development. In addition, SHP-2 expression can become
more pronounced in non-neuronal cells during cell
injury (Servidei et al., 1998). Mutation of SHP-2
function also can result in the inhibition of sympathetic
neurite outgrowth during nerve growth factor stimulation
(Chen et al., 2002). Interestingly, SHP-2 function also
may be vital for energy metabolism during neuronal
development as well as during the function of adult
neuronal cells. Deletion of SHP-2 in post-mitotic
forebrain neurons through the crossing of CaMKIIalpha-
Cre transgenic mice with a conditional SHP-2 mutant
strain resulted in down-regulation of signal transducer
and activator of transcription 3 (STAT3) and the
development of early-onset obesity with elevated leptin
and triglycerides (Zhang et al., 2004). 

Promotion of cell survival during oxidative stress and
inflammation

Oxidative stress represents an important pathway for
the apoptotic destruction of cells (Chong et al., 2005e; Li
et al., 2006a). Oxidative stress occurs during the excess
generation of free radicals, such as reactive oxygen
species. Reactive oxygen species consist of oxygen free
radicals and associated entities that include superoxide
free radicals, hydrogen peroxide, singlet oxygen, nitric
oxide (NO), and peroxynitrite (Chong et al., 2005d). The
production of reactive oxygen species can lead to cell
injury through cell membrane lipid destruction and
cleavage of DNA (Vincent and Maiese, 1999; Wang et
al., 2003). Reactive oxygen species generation can lead
to the peroxidation of cellular membrane lipids (Siu and
To, 2002), peroxidation of docosahexaenoic acid, a
precursor of neuroprotective docosanoids (Greco and
Minghetti, 2004), and the inhibition of complex enzymes
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in the electron transport chain of mitochondria resulting
in the blockade of mitochondrial respiration (Yamamoto
et al., 2002). 

Once the pathways responsible for oxidative stress
are set in motion, cell injury through apoptosis may
ensue. Apoptosis contributes to a variety of diseases
such as stroke, Alzheimer’s disease, and trauma (Chong
et al., 2004b; Doonan and Cotter, 2004; Ferretti, 2004;
Koyama and Ikegaya, 2004; Li et al., 2004) as well as
cardiovascular injury, cancer (Chong et al., 2002a,
2004b; Maiese et al., 2005b), and diabetes (Li et al.,
2006a; Maiese et al., 2007). The cleavage of genomic
DNA into fragments (Maiese et al., 1999; Maiese and
Vincent, 2000a,b) is considered to be a later event during
apoptotic injury (Dombroski et al., 2000; Maiese and
Vincent, 2000b; Jessel et al., 2002; Kang et al., 2003b).
Endonucleases lead to DNA degradation and have been
differentiated based on their ionic sensitivities to zinc
(Torriglia et al., 1997), magnesium (Sun and Cohen,
1994), and calcium (Maiese et al., 1999), an important
regulator that can independently impair cell survival
(Weber, 2004). In the nervous system, three separate
endonuclease activities are present. These include a
constitutive acidic cation-independent endonuclease, a
constitutive calcium/magnesium-dependent endonu-
clease, and an inducible magnesium dependent
endonuclease (Vincent and Maiese, 1999; Vincent et al.,
1999; Chong et al., 2005e). 

In contrast to DNA degradation, apoptotic cellular
membrane phosphatidylserine (PS) externalization can
become a signal for early injury mechanisms (Mari et
al., 2004) and the phagocytosis of cells (Hong et al.,
2004). During inflammation, microglial cells require the
activation of intracellular cytoprotective pathways (Li et
al., 2006b; Chong et al., 2007b) to proliferate and
remove injured cells (Li et al., 2005; Mallat et al., 2005).
Yet, microglia also may lead to cellular damage through
the generation of reactive oxygen species (Sankarapandi
et al., 1998; Maiese and Chong, 2004) and through the
production of cytokines (Benzing et al., 1999; Mehlhorn
et al., 2000). The translocation of membrane PS residues
from the inner cellular membrane to the outer surface is
a necessary component under most conditions for the
removal of apoptotic cells (Maiese and Vincent, 2000b;
Maiese, 2002; Chong et al., 2005a). The loss of
membrane phospholipid asymmetry leads to the
externalization of membrane PS residues and assists
microglia to target cells for phagocytosis (Hoffmann et
al., 2001; Chong et al., 2003c; Kang et al., 2003b;
Maiese and Chong, 2003). This process occurs with the
expression of the phosphatidylserine receptor (PSR) on
microglia during oxidative stress (Li et al., 2006a; Li et
al., 2006c), since blockade of PSR function in microglia
prevents the activation of microglia (Chong et al.,
2003b; Kang et al., 2003a). 

The function of SHP-1 and SHP-2 during cell injury
and inflammation are not easily defined, since these
PTPs appear to possess dual roles to either enhance or
inhibit cell survival under a variety of environmental

conditions. Yet, both SHP-1 and SHP-2 protein
expression can be decreased during cell injury and can
be inactivated during oxidative stress in the presence of
reactive oxygen species (Lee et al., 1998) and nitric
oxide by-products (Touyz, 2004), suggesting that the
loss of these proteins and the cellular pathways that they
control may coincide with cell injury (Aoki et al., 2000;
Horvat et al., 2001). For example, it has been shown that
the SHPS-1 receptor-type glycoprotein that can bind and
activate SHP-1 and SHP-2 contributes to the survival of
circulating platelets and reduces red blood cell
destruction from peritoneal macrophages (Yamao et al.,
2002). In particular, SHP-1 has been shown to influence
inflammatory cell function by promoting the survival of
macrophages that is independent of growth factors, such
as colony-stimulating factor-1 (Berg et al., 1999). In
addition, SHP-1 can reduce inflammation through the
regulation of chemokine gene expression (Forget et al.,
2005) and the modulation of interferon regulatory factor
-1 (Massa and Wu, 1996). SHP-1 is responsible for some
of the effects of estrogen to protect against B cell
mediated apoptosis (Grimaldi et al., 2002) and
peripheral T cell death during the induction of antigen
receptor-induced apoptosis (Zhang et al., 1999).
Furthermore, SHP-1 may be responsible for the support
of photoreceptors and the protection against retinal
degeneration (Lyons et al., 2006). Although the
mechanisms for these observations are not entirely
known, SHP-1 can inhibit the generation of NO and
potentially reduce the ill effects of reactive oxygen
species generation (Forget et al., 2006).

On the converse side, SHP-1 also may lead to
cellular demise. SHP-1 expression in the bone marrow
of patients with myelodysplastic syndrome suggests a
more rapid disease progression when compared to
patients without SHP-1 expression (Mena-Duran et al.,
2005). In addition, experimental rat models reveal that
following an acute myocardial infarction, SHP-1
expression is increased and may contribute to infarct size
(Sugano et al., 2005). Transfection of a dominant-
negative SHP-1 in rat fetal vascular smooth muscle cells
leads to the attenuation of apoptosis during angiotensin
II type 2 receptor activation (Cui et al., 2001). SHP-1
also may diminish sympathetic neuronal cell number
through inhibitory control of nerve growth factor TrkA
receptor (Marsh et al., 2003). Furthermore, SHP-1 has
been shown to limit neutrophil survival through death-
receptor stimulation (Daigle et al., 2002). Other
mechanisms that may be responsible for the detrimental
effects of SHP-1 on cell survival include caspase 8
activation, cellular acidification (Liu et al., 2000), and
inhibition of interleukin-3 signal transduction (Paling
and Welham, 2002). In this particular instance, it is of
interest to note that SHP-2 has been reported to employ
interleukin-3 (Wheadon et al., 2003; Yu et al., 2003) as
well as interleukin-5 (Pazdrak et al., 1997) and
interleukin-6 (Chauhan et al., 2000) to block apoptosis.

In a number of studies, SHP-2 has been
demonstrated to be beneficial to cell survival. SHP-2 has
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been linked to the protective capacity of vascular
endothelial growth factor receptor-3 (Wang et al., 2004).
SHP-2 also promotes cell survival by platelet endothelial
cell adhesion molecule-1 (Maas et al., 2003) during
oxidative stress injury. In other models of oxidative
stress, loss of SHP-2 function can increase infarct size
(Aoki et al., 2000) and lead to hippocampal neuronal cell
apoptotic DNA fragmentation and elevated neuronal
membrane PS exposure (Chong et al., 2003e) (Figs. 1,
2). Other work suggests that SHP-2 can promote cell
survival during the application of brain-derived
neurotrophic factor (Takai et al., 2002; Easton et al.,
2006) as well as during injury paradigms that include
serum starvation (Chen et al., 2007), intercellular
adhesion molecule-1 (Pluskota et al., 2000), and
cytokine signaling that involves interferon (You et al.,
1999). Cellular protection through SHP-2 may be
controlled by several pathways potentially critical for
post-mitotic cell survival (Chong et al., 2006a) that
involve the activation of protein kinase B (Akt) (Hakak
et al., 2000; Ivins Zito et al., 2004) and the inhibition of
caspase activity, such as caspase 1 (Chong et al., 2003e)
and caspase 3 (Chong et al., 2003e; Ivins Zito et al.,
2004).

Despite the evidence for SHP-2 to enhance cell
survival, other investigations point to a darker side for
SHP-2 in relation to cell survival and injury. For
example, it has been suggested that enhanced expression
of SHP-2 and its promotion of vascular smooth muscle
cell growth during balloon-induced injury may
accelerate atherosclerosis (Seki et al., 2002). SHP-2 also
has been associated with the negative regulation and
inhibition of platelet-derived growth factor (Vantler et
al., 2006). During oxidative stress injury, SHP-2 can
bind to the Gab1 docking protein to decrease cell
survival (Holgado-Madruga and Wong, 2003) and inhibit
the neurotrophin TrkB receptor during excitotoxicity to
sensitize neurons to injury (Rusanescu et al., 2005).

Even during conditions of cell injury that involve
chemotherapeutic agents such as cisplatin-induced
apoptosis or growth factor withdrawal-induced cell
injury, SHP-2 can accelerate the induction of apoptosis
(Yuan et al., 2005) through the dephosphorylation of
STAT5 (Chen et al., 2004).

Although both SHP-1 and SHP-2 rely upon the
signaling pathways of several cytokines and growth
factors to regulate cell survival (Rakesh and Agrawal,
2005), the erythropoietin (EPO) protein has a strong link
to SHP-1 and SHP-2. EPO is currently approved by the
Food and Drug Administration for the treatment of
anemia, but recent investigations have suggested that
EPO modulates cellular pathways in organs and tissues
outside of the liver and the kidney, such as the brain and
heart. As a result, EPO has been identified as a possible
candidate for disorders that involve both cardiac and
nervous system diseases (Maiese et al., 2004, 2005c) and
has a significant clinical relevance for multiple disorders
that can involve cerebral ischemia, inflammation, and
Alzheimer’s disease (Chong et al., 2005d,f; Li et al.,
2005). For example, EPO not only can preserve
microglial integrity (Li et al., 2006b), but it also can
prevent microglial cell activation and proliferation to
block phagocytosis of injured cells through pathways
that involve cellular membrane PS exposure (Maiese et
al., 2004, 2005c). EPO works through a number of
pathways to exert cytoprotection. Activation of the
phosphatidylinositol 3-kinase (PI 3-K)/Akt pathway is
necessary for EPO protection during injury models that
include excitotoxicity (Dzietko et al., 2004),
cardiomyocyte ischemia (Parsa et al., 2003), hypoxia
(Chong et al., 2002b), and oxidative stress (Chong et al.,
2003a,b,d). EPO uses the Akt pathway to prevent
apoptosis by maintaining mitochondrial membrane
potential (∆Ψm ), preventing the cellular release of
cytochrome c (Chong et al., 2003a,b,d), and modulating
caspase activity (Chong et al., 2002b, 2003a,b). EPO
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Fig. 1. Oxidative stress leads to
significant externalization of
phosphatidylserine (PS) residues
in SHP-2 mutant neurons. Murine
neurons lacking SHP-2 function
were labeled with annexin V
phycoerythrin 5 hours following
exposure to oxidative stress with a
nitric oxide (NO) agent (NOC-9,
300 mM). Imaging uses
transmitted light, corresponding
fluorescence light, and
superimposed transmitted and
fluorescent images of the same
microscopy field at 490 nm
excitation and 585 nm emission
wavelengths to locate the annexin
V phycoerythrin label (red-green).



modulation of pro-inflammatory cytokines (Chong et al.,
2002a,c; Genc et al., 2004), forkhead transcription
factors (Maiese et al., 2004; Chong and Maiese, 2007),
STAT3, STAT5, ERK1/2 (Menon et al., 2006a; Um and
Lodish, 2006; Chong and Maiese, 2007), glycogen
synthase kinase-3ß (Sharples et al., 2005; Li et al.,
2006b; Nishihara et al., 2006), nuclear factor-κB (NF-
κB) (Bittorf et al., 2001; Chong et al., 2005c; Li et al.,
2006b), and caspases (Chong et al., 2002b, 2003a) also
prevents the apoptotic destruction of cells. 

In clinical investigations, hemodialysis patients that
are hyporesponsive to the administration of recombinant
human EPO has been attributed to active SHP-1
expression that leads to the dephosphorylation of STAT5
to impair EPO signaling (Akagi et al., 2004).
Furthermore, primary familial and congential
polycythemia, disorders that are characterized by
elevated erythrocyte numbers with increased EPO-
responsiveness of erythroid progenitor cells, have been
shown to be a result of impaired modulation of the EPO
receptor as a result of diminished expression and
recruitment of SHP-1 (Furukawa et al., 1997; Wickrema
et al., 1999a; Motohashi et al., 2001). Under normal
conditions, SHP-1 can modulate and reduce EPO
signaling through STAT5, the Jak2 kinase, and the
inhibitory protein suppressor of cytokine signaling-1
(Minoo et al., 2004). Interestingly, SHP-2 also is linked
to EPO signaling. EPO can lead to the tyrosine
phosphorylation of the SH2/SH3-containing adapter
protein CrkL that can associate with SHP-2 (Chin et al.,
1997). EPO also relies upon the insulin receptor
substrate-related proteins Gab1 and GAb2 to lead to the
activation of SHP-2 and phosphatidylinositol 3-kinase
(PI 3-K) pathways that also can result in Akt activation
(Wickrema et al., 1999b).

Pathways that regulate SHP-1 and SHP-2 function

SHP and phosphatidylinositol 3-kinase (PI 3-K)/Akt

The phosphatidylinositol 3-kinase (PI 3-K) pathway
that ultimately leads to the activation of Akt plays a
prominent role for cellular protection in a number of
disorders that can involve ischemia, hypoxia, and free
radical induced oxidative stress (Chong et al., 2002b,
2003b; Bahlmann et al., 2004; Li et al., 2006b; Miki et
al., 2006). PI 3-K is composed of a catalytic p110
subunit and a regulatory p85 subunit and phosphorylates
membrane glycerophospholipid phosphatidylinositol
4,5-bisphosphate [PI (4,5)P2] resulting in production of
phosphatidylinositol 3,4,5 trisphosphate (PIP3) and
phosphatidylinositol 3,4 trisphosphate (PIP2). Once
activated through the PI 3-K pathway, Akt can promote
cellular integrity and survival during free radical injury
(Chong et al., 2004a; Wang and MacNaughton, 2005),
oxidative stress (Kang et al., 2003a,b), tumor invasion
(Hardee et al., 2006), cell longevity (Li et al., 2006a),
and amyloid toxicity (Nakagami et al., 2002; Du et al.,
2004; Chong et al., 2005c). In addition, the role of Akt

in other signal transduction system is receiving greater
appreciation such as during the Wnt family of cysteine-
rich glycosylated proteins (Li et al., 2005; Li et al.,
2006c; Chong et al., 2007a). Three family members of
Akt are now known to exist known as PKBa or Akt1,
PKBb or Akt2, and PKBg or Akt3 (Staal, 1987; Staal et
al., 1988; Chong et al., 2005b). 

Of the three Akt isoforms, Akt1 is the most highly
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Fig. 2. Absence of SHP-2 function in neurons leads to increased
phosphatidylserine (PS) exposure and DNA fragmentation during
oxidative stress. (A) Wildtype murine neurons or neurons lacking SHP-2
function were labeled with annexin V phycoerythrin 3, 12, and 24 hours
following exposure to oxidative stress with a nitric oxide (NO) agent
(NOC-9, 300 mM) and the percentage of membrane PS exposure was
determined at each time point. The percentage of PS exposure
progressively increased to a greater extent in neurons lacking SHP-2
cells over a 24 hour period, suggesting a protective role for SHP-2
against apoptotic early PS externalization (*p<0.01 versus untreated
control; *p<0.01 versus corresponding concentration of NO treated
wildtype neurons). Each data point represents the mean and SEM. (B)
Increasing concentrations of NO donor (NOC-9, 50-300 mM) to lead to
oxidative stress was applied to wildtype murine neurons or neurons
lacking SHP-2 function and DNA fragmentation was determined 24
hours later using the terminal deoxynucleotidyl transferase nick end
labeling assay. Exposure to NO resulted in a greater increase in DNA
fragmentation in neurons lacking SHP-2, suggesting a protective role for
SHP-2 against apoptotic DNA injury (*p<0.01 versus untreated control;
†p<0.01 versus corresponding concentration of NO treated wildtype
neurons). Each data point represents the mean and SEM.



expressed. Significant expression of Akt2 occurs in
insulin-responsive tissues, such as skeletal muscle, liver,
heart, kidney, and adipose tissue (Altomare et al., 1995).
In the nervous system, expression of Akt1 and Akt2 is
initially weak with an increased expression during cell
injury (Owada et al., 1997; Kang et al., 2003b; Chong et
al., 2004a), suggesting that the increased expression of
Akt may represent a reparative response by injured or
phagocytized cells (Chong et al., 2006b). In contrast to
Akt1 and Akt2, Akt3 is expressed only in a limited
number of tissues, such as in the brain and testes, with
lower expression evident in skeletal muscle, pancreas,
heart, and kidney (Nakatani et al., 1999).

In some cellular systems, SHP-1 and SHP-2 have
been closely aligned with the Akt pathway. For example,
the ability of SHP-1 to potentially contribute to
myocardial infarction in rodents also has been tied to the
loss of Akt activity (Sugano et al., 2005). In addition,
mice with functionally deficient SHP-1 protein have
been found to be both glucose tolerant and insulin
sensitive when compared to control mice. The SHP-1
deficient mice demonstrated enhanced activation of PI 3-
K/Akt pathway in skeletal muscle and liver (Dubois et
al., 2006) (Fig. 3). Under normal conditions, the p85
regulatory subunit of PI 3-K serves to both stabilize and
inactivate the p110 catalytic subunit. This inhibitory
activity of p85 is relieved by occupancy of the NH(2)-
terminal SH2 domain of p85 by Src family kinases. This
process is reversed by SHP-1 and its association with the
regulatory p85 subunit of PI 3-K (Yu et al., 1998) that
serves to inhibit PI 3-K activity (Cuevas et al., 2001). In
the absence of SHP-1, insulin sensitivity is increased
through the 85 kDa regulatory subunit of PI 3-K to allow
the 110 kDa catalytic subunit of PI 3-K to become active
and lead to the phosphorylation of Akt. This work
suggests that PI 3-K may be an important component by
which SHP-1 influences insulin signaling during glucose
metabolism.

SHP-1 can alter the activity of Akt through other
cellular pathways that may not directly depend upon PI
3-K. SHP-1 can selectively bind and dephosphorylate
the PTEN tumor suppressor that can subsequently
modulate signal transduction in the Akt pathway (Lu et
al., 2003). Angiotensin II subtype 2 receptor-mediated
activation of SHP-1 leads to insulin receptor substrate-2
inhibition and the eventual blockade of Akt
phosphorylation and activity (Cui et al., 2002). In
endothelial cells, the ability of SHP-1 to inhibit PI 3-K
may offer the capacity to reduce endothelial superoxide
formation, since SHP-1 prevents endothelial NAD(P)H-
oxidase activity through the inhibition of PI 3-K-
dependent Rac1 activation (Krotz et al., 2005).

As previously noted, SHP-2 also employs the PI 3-
K/Akt pathway, especially to prevent cellular injury
(Hakak et al., 2000; Ivins Zito et al., 2004) (Fig. 4).
SHP-2 also may utilize activation of Akt for the
maintenance of cellular physiology during periods of
increased metabolic demands that can affect cellular
respiratory function and longevity (Maiese and Chong,

2003; Li et al., 2006a; Maiese et al., 2007). In a clinical
study that examined the effects of exercise during insulin
stimulation in healthy individuals, cytosolic SHP-2 was
markedly increased in conjunction with Akt
phosphorylation, suggesting that SHP-2 through Akt
activation may assist with cellular respiratory function
(Wadley et al., 2006). SHP-2 also has been identified as
a necessary component to activate Akt for endothelial
cell migration during vascular endothelial growth factor
stimulation (Laramee et al., 2006) and to initiate cellular
transformation through the fibroblast growth factor
receptor 3 (Burks and Agazie, 2006). Tissue
regeneration, such in hepatocytes, also may require
SHP-2 linked to several pathways that include enhanced
Akt activity (Bard-Chapeau et al., 2006).

Although in several circumstances SHP-2 has been
shown to associate with the p85 component of PI 3-K to
promote Akt activation (Kwon et al., 2006), other work
points to the ability of SHP-2 to prevent activation of
Akt in different cellular environments. Resveratrol has
been reported to require SHP-2 to block Akt activity in
vascular smooth muscle cells (Haider et al., 2005). Other
studies that show decreased neuronal survival with
during excitotoxicity (Rusanescu et al., 2005) or
pathways that involve epidermal growth factor
stimulation of the PI 3-K pathway suggest involvement
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Fig. 3. Illustration of potential signaling pathways controlled by Src
homology 2 (SH2) domain-containing protein tyrosine phosphatase 1
(SHP-1). SHP-1 plays an important role in the regulation of growth
factor and cytokine signal transduction to modulate cell proliferation,
differentiation, survival, and apoptosis. SHP-1 can regulate growth
factor induced activation of phosphatidylinositol 3-kinase (PI 3-K)/Akt
and nuclear factor-kappa B (NF-κB). SHP-1 may either negatively or
positively regulate the activation of the extracellular signal-related
kinases (ERKs) and the c-Jun-amino terminal kinases (JNKs). In
addition, SHP-1 can bind to the erythropoietin (EPO) receptor via its
SH2 domain and modulate EPO activation of the Janus kinase 2
(Jak2)/signal transducer and activator of transcription (STAT).



of SHP-2 that inhibits Akt activation (Zhang et al., 2002;
Mattoon et al., 2004).

SHP, Janus-tyrosine Kinase 2 (Jak2), and Signal
Transducer and Activator of Transcription (STAT)
Pathways

For many growth factors and cytokines, initial
cellular signaling can involve phosphorylation and
activation of the Janus-tyrosine kinase 2 (Jak2). Jak2 is a
member of a family of Janus-type protein-tyrosine
kinases including Jak1, Jak2, Jak3, and Tyk2 that are
characterized by a kinase domain in the carboxyl
portion, a kinase-like domain, and a large amino-
terminal domain. Jak2 and activation of the signal
transducer and activator of transcription (STAT) proteins
are essential to mediate cell growth, differentiation,
survival, and death. Six primary mammalian STAT
genes, STAT1, 2, 3, 4, 5, and 6 have been identified and
are phosphorylated on tyrosine residues through Jak
kinases and on serine residues by different
serine/threonine kinases (Wilks et al., 1991; Grote et al.,
2005; Ferrajoli et al., 2006). The STATs subsequently
dimerize, undergo nuclear translocation, and bind to
specific DNA sequences in the promoter regions of
responsive genes to lead to gene transcription. 

Jak2 activation can be a critical component for
cytoprotection. For example, EPO prevents apoptotic
injury through its dependence upon Jak2
phosphorylation (Kawakami et al., 2001). In addition,
cytokines such as EPO have been shown to lead not only
to the activation of STAT 3 (Parsa et al., 2003) and STAT
5 (Menon et al., 2006b; Um and Lodish, 2006), but also
to possibly rely upon these pathways for cell
development and cell protection. Interestingly, SHP-1
with Jak2 plays a role in the EPO signal transduction
pathways. SHP-1 can bind to the tyrosine
phosphorylated EPO receptor through the SH2 domain
of SHP-1 (Yi et al., 1995) (Fig. 3). SHP-1 can associate
with the tyrosine-phosphorylated EPO receptor via its
SH2 domains by binding to the tyrosine residue Y429 in
the cytoplasmic domain of the EPO receptor. This action
prevents EPO from activating Jak2, illustrating a
potential mechanism to regulate EPO signal transduction
(Klingmuller et al., 1995) as well as offer another
mechanism for the ability of SHP-1 to decrease the
responsiveness of EPO during clinical treatments (Akagi
et al., 2004). SHP-1 also has been shown to
constitutively associate with Jak2 in EPO-dependent
human leukemia cells. However, this association with
SHP-1 involves a dephosphorylated Jak2 through the N
terminus of SHP-1 that is independent of the SH2
domain (Wu et al., 2000) and not essential for SHP-1-
mediated dephosphorylation of Jak2, suggesting that
SHP-1 regulates Jak2 phosphorylation through
mechanisms that are SH2-independent (Jiao et al., 1996).
More recent work also demonstrates the capacity of
SHP-1 to block Jak2 activation during NO production
(Forget et al., 2006), during cytokine receptor signaling

with inhibitory protein suppressor of cytokine signaling-
1 (SOCS-1) that targets EPO signaling (Minoo et al.,
2004), and during hyperinsulinemia-associated leptin
resistance (Kellerer et al., 2001). In addition, loss of
Jak2 activity though SHP-1 can be accompanied as
expected by STAT inactivation, such as STAT3
(Bousquet et al., 1999).

SHP-2 also is intimately associated with Jak2/STAT
signaling pathways (Fig. 4). SHP-2 can block the
cytotoxic actions of cytokines, such as interferon (IFN),
by preventing STAT activation. In mouse fibroblast cells
lacking a functional SHP-2, IFN-α or IFN-γ decrease
cell viability, increase STAT proteins bound to DNA,
and increase the tyrosine phosphorylation of STAT1.
These effects were reversed by SHP-2 reintroduction
(You et al., 1999). SHP-2 also may be required to
maintain a basal steady activity of STAT5 (Yu et al.,
2000). SHP-2 can have diverse effects upon the
Jak/STAT pathways under different environmental
conditions. In a series of experiments involving the
selective deletion of SHP-2 in the mouse forebrain,
SHP-2 was found to down-regulate Jak2 and STAT3
(Zhang et al., 2004), but in mouse mammary glands
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Fig. 4. Illustration of potential signaling pathways controlled by Src
homology 2 (SH2) domain-containing protein tyrosine phosphatase 2
(SHP-2). Similar to SHP-1, SHP-2 has a critical role in a host of cellular
signal transduction pathways that involve cell proliferation,
differentiation, survival, and apoptosis. Through the association with
Grb2-associated binder-1 (Gab1), a docking protein containing an N-
terminal pleckstrin homology domain and several proline-rich SH3
domain-binding sequences, SHP-2 promotes growth factor induced
activation of phosphatidylinositol 3-kinase (PI 3-K)/Akt, the extracellular
signal-related kinases (ERKs), and nuclear factor-kappa B (NF-κB).
SHP-2 can either negatively or positively regulate the activation of
Janus kinase 2 (Jak2)/signal transducer and activator of transcription
(STAT) and the c-Jun-amino terminal kinases (JNKs) depending on
different circumstances.



SHP-2 may inversely regulate STAT3 and STAT5
activities (Ke et al., 2006). Furthermore, SHP-1 and
SHP-2 may have opposing roles in the Jak/STAT
pathways. Angiotensin II in vascular smooth muscle
cells modulates the activation of the Jak2/STAT pathway
by association of Jak2 with the angiotensin II receptor.
SHP-1 dephosphorylates Jak2 to block the angiotensin
II-induced Jak2/STAT cascade, while SHP-2 appears to
result in Jak2 phosphorylation and initiation of the
angiotensin II controlled Jak/STAT cascade leading to
cell proliferation in vascular smooth muscle cells
(Marrero et al., 1998). Additional work indicates that the
N-terminal SH2 domain of SHP-2 is essential for the
recruitment of Jak2 to the angiotensin II type AT1
receptor to facilitate angiotensin II signaling, since SHP2
mutant cells lacking the N-terminal SH2 domain are
unable to facilitate AT1 receptor/Jak2 association, STAT
activation, and subsequent angiotensin II mediated gene
transcription (Godeny et al., 2006). The tyrosine 201
residue in the N-terminal SH2 domain has been
suggested to be predominantly responsible for SHP-2 to
bind Jak2 and to facilitate the recruitment of Jak2 to AT1
receptor (Godeny et al., 2006). Additionally, a dominant
negative mutant of SHP-2 has been found to inhibit the
induction of tyrosine phosphorylation and DNA-binding
activity of STAT5, suggesting that SHP-2 is required for
Jak2 activity and transcriptional induction of STAT5
(Berchtold et al., 1998). 

SHP and mitogen-activated protein kinases

Another series of pathways that can oversee SHP-1
and SHP-2 function involves the stress activated family
of mitogen-activated protein kinases (MAPK). The
family of MAPKs consists of the three major subgroups
(Maiese et al., 2005a; Li et al., 2006a). One subgroup
includes the MAPK family members ERK1 and ERK2.
The second subgroup is termed the JNKs, since they can
activate the Jun transcription factor through
phosphorylating two residues near its N-terminus. The
third subgroup is termed p38 MAPKs named after the
first representative in this subgroup with a molecular
weight of 38 kDa (Haddad, 2004). The members of both
JNK and p38 pathways are also classified as stress-
activated protein kinases. They are activated in response
to a variety of stress factors including osmotic shock,
ultraviolet irradiation, inflammatory cytokines, and other
stressful conditions such as oxidative stress (Haddad,
2004). The MAPKs are activated by phosphorylation
and have an important function during cell
differentiation, growth, and death (Chong et al., 2003e).
Activation of p38 and JNK is present in both neurons
and endothelial cells during oxidative stress (Lin et al.,
2000, 2001; Maiese and Chong, 2003; Chong et al.,
2005d). 

Through work that has examined the effects of SHP-
1 and SHP-2 on pathways such as Akt and the Jak/STAT
pathway, it should come as no surprise that SHP-1 and
SHP-2 may regulate MAPK pathways differently despite

the shared sequence identity between these proteins. Yet,
studies that examine these proteins together suggest that
they may cooperate to promote cell growth signaling,
such as with epidermal growth factor (Wang et al., 2006)
and EPO through the activation of ERK1/2 (Bullard et
al., 2005; Chong and Maiese, 2007). However, the effect
of SHP-1 on ERK activation is not always positive to
increase activity. For example, SHP-1 can
dephosphorylate ERK in response to vascular
endothelial growth factor administration in endothelial
cells (Cai et al., 2006) (Fig. 3).

SHP-1 also has been shown to regulate angiotensin
II receptor AT2 mediated JNK inactivation resulting in a
decrease in the expression of c-Jun (Matsubara et al.,
2001) (Fig. 3). Angiotensin II receptor isoform AT1 can
activate JNK through calcium-sensitive tyrosine kinase
Pyk2. In vascular smooth muscle cells, AT2 stimulation
enhanced the activity of SHP-1 and overexpression of
SHP-1 dominant negative mutant completely abolished
AT2-mediated inhibition of JNK activation, suggesting
that AT2 inhibits JNK activity in a SHP-1-dependent
manner (Matsubara et al., 2001). SHP-1 also
dephosphorylates SH2-domain containing leukocyte
protein of 76 kDa (SLP-76) and subsequently regulates
B cell receptor induced JNK activity (Mizuno et al.,
2005). SLP-76 plays an important role in the
development and activation of T cells, nature killer cells,
mast cells, and macrophages, and also is found to
function in B cells. Upon dephosphorylation by SHP-1,
SLP-76 is recruited to CD22 to downregulate JNK
activation in B cells and enhances apoptosis, suggesting
that SHP-1 inhibits JNK activation in B cells through a
SLP-76 dependent pathway. It should be noted that in
other cell systems, SHP-1 can activate JNK.
Overexpression of wild-type SHP-1 increased the FceRI
aggregation-induced JNK activation whereas the
dominant negative SHP-1 enhanced dephosphorylation
of JNK (Xie et al., 2000), illustrating that SHP-1 may
play a role in allergy and inflammation by regulating
mast cell activity. 

Similar to SHP-1, SHP-2 also can enhance the
activity of ERK (Fig. 4). SHP-2 mediates ERK
activation in several growth factor signaling pathways.
The tyrosine phosphatase activity of SHP-2 is required
for ERK activation with insulin (Milarski and Saltiel,
1994), insulin growth factor (Shi et al., 1998), and
fibroblast growth factor (Araki et al., 2003), since
absence or reduction of SHP-2 function leads to a
decrease in ERK activity that is usually enhanced by
these trophic factors. In addition, activation of ERK is
regulated by SHP-2 in conjunction with the epidermal
growth factor receptor in glioblastoma cells (Zhan and
O’Rourke, 2004). In regards to epidermal growth factor
activation of ERK, SHP-2 may require the Grb2-
associated binder-1 (Gab1) binding partner.
Phosphorylation of both the tyrosine 627 and the
tyrosine 659 of Gab1 is necessary for SHP-2 to attach to
Gab1 and subsequently activate SHP-2 and ERK
(Cunnick et al., 2001). SHP-2 mediated ERK activation

1258

SHP-1 and SHP-2 tyrosine phosphatases



also may be necessary for interleukins-1 (IL-1) to
associate with focal adhesions. IL-1b has been
demonstrated to enhance the maturation of focal
adhesions in human gingival fibroblasts (Herrera Abreu
et al., 2006). IL-1b results in ERK activation and the
recruitment of active phospho-ERK to focal
complexes/adhesions to result in the maturation of focal
adhesions. 

SHP-2 also serves as a regulator of leptin signaling
through ERK activation (Bjorbaek et al., 2001). Leptin is
a 16-kDa hormone that functions to control food intake
and energy metabolism (White and Tartaglia, 1996). A
catalytically inactive mutant of SHP-2 can block leptin-
stimulated ERK phosphorylation by the long leptin
receptor, ObRb. Analysis of signaling by ObRb lacking
intracellular tyrosine residues or by the short leptin
receptor, ObRa, has revealed that two pathways are
critical for ERK activation. One pathway does not
require the intracellular domain of ObRb, whereas the
other pathway requires the tyrosine residue 985 of
ObRb, both of which depend upon the phosphatase
activity of SHP-2 (Bjorbaek et al., 2001). Through the
activation of ERK and p38, SHP-2 also regulates other
pathways that involve matrix metalloproteinases. SHP-2
modulates concanavalin A induced secretion and
activation of matrix metalloproteinase-2 (Ruhul Amin et
al., 2003). Matrix metalloproteinase-2 is initially
secreted as an inactive zymogen and subsequently
activated through proteolytic cleavage that results in
extracellular matrix destruction. Work has demonstrated
that concanavalin A fails to regulate matrix
metalloproteinase-2 and cannot activate ERK or p38 in
cells expressing mutant SHP-2 with deletion of 65 amino
acids in the N-terminal of SH2 domain. In addition,
inhibition of ERK and p38 prevents concanavalin A-
dependent secretion and activation of matrix
metalloproteinase-2 while overexpression of active ERK
in SHP-2 mutant cells doe not result in matrix
metalloproteinase-2 activation. These studies suggest
that SHP-2 regulates concanavalin A-dependent
activation of matrix metalloproteinase-2 secretion
through ERK and p38 signaling (Ruhul Amin et al.,
2003). 

In regards to the JNK pathway, SHP-2 appears to be
ineffective in bringing about a significant change in the
activity of JNK in some cell systems. Yet, in other cell
types, SHP-2 may either inhibit or activate JNK. During
overexpression of SHP-2 mutants in COS-7 cells, SHP-2
was shown to be necessary for epidermal growth factor-
induced MAPK activation, but SHP-2 was not required
for JNK activity in response to myristoylated son of
sevenless, activated Ras, or phorbol ester (Deb et al.,
1998). However, in a SHP-2 mutant fibroblast cell line,
trophic factor induction of ERK activation was
diminished or reduced during loss of SHP-2 activity, but
heat shock induction in cells that lacked SHP-2 activity
significantly increased JNK activity, suggesting that
SHP-2 under these conditions was a negative modulator
of JNK (Shi et al., 1998). In contrast to these

observations, SHP-2 has been shown to enhance insulin
induced JNK activation through the Ras signaling
pathway (Fukunaga et al., 2000). 

SHP and Nuclear Factor κB (NF-κB)

One pathway that may depend upon modulation
from SHP-1 and SHP-2 and also is closely tied to Akt
involves NF-κB. NF-κB proteins are composed of
several homo- and heterodimer proteins that can bind to
common DNA elements. It is the phosphorylation of IkB
proteins by the IkB kinase (IKK) and their subsequent
degradation that lead to the release of NF-κB for its
translocation to the nucleus to initiate gene transcription
(Hayden and Ghosh, 2004). Dependent upon Akt
controlled pathways, the transactivation domain of the
p65 subunit of NF-κB is activated by IKK and the IKKa
catalytic subunit to lead to the induction of protective
anti-apoptotic pathways (Chong et al., 2005b). Increased
expression of NF-κB during injury models can occur in
inflammatory microglial cells (Chong et al., 2005c,
2007b; Guo and Bhat, 2006) and in neurons (Sanz et al.,
2002). Although NF-κB has not consistently been found
to enhance cell survival in all cell systems (Esposito et
al., 2006; Jacobsen et al., 2006), NF-κB does represent a
critical pathway that is responsible for the activation of
inhibitors of apoptotic proteins (IAPs), the maintenance
of Bcl-xL expression, (Chen et al., 2000; Chong et al.,
2005e), and the induction of cytoprotection by trophic
factors (Nakata et al., 2004; Chong et al., 2005c; Sae-
Ung et al., 2005). In addition, NF-κB p65 is required to
maintain the endogenous protection of inflammatory
cells, since gene silencing of NF-κB p65 results in
significantly increased cell injury during oxidative stress
(Chong et al., 2007b).

SHP-1 and SHP-2 can closely regulate the activity of
NF-κB. SHP-1 has been shown to limit the activity of
NF-κB through Ang II type 2 receptor stimulation in
vascular smooth muscle cells (Wu et al., 2004).
Increased transcription of NF-κB also has been observed
in astrocytes of motheaten mice without functional SHP-
1, further supporting a negative modulatory role for
SHP-1 over NF-κB (Massa and Wu, 1998) (Fig. 3).
Interestingly, the ability of SHP-1 to protect against
oxidative stress and prevent the generation of NO also
may require the inactivation of Jak2 and ERK1/2 as well
as prevention of the nuclear translocation of NF-κB
(Forget et al., 2006).

In regards to SHP-2, cytokine generation with
interleukin-6 during interleukin-1 or tumor necrosis
factor (TNF)-alpha application appears to require both
SHP-2 activation and the ability of SHP-2 to promote
NF-κB activity (You et al., 2001) (Fig. 4). Another
cytokine that depends upon SHP-2 and NF-κB activity is
LIGHT, a type II transmembrane protein belonging to
the TNF family. It has recently be shown that for LIGHT
to activate chemokine CCL27 to foster the migration of
mouse embryonic stem cell derived dendritic cells, SHP-
2 is required for LIGHT to activate NF-κB for the
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successful initiation of this pathway (Zou et al., 2006b).
In addition, SHP-2 is a positive modulator for some
trophic factors to lead to NF-κB activation. For
epidermal growth factor to activate NF-κB, SHP-2 must
associate with Gab1 to induce a PI3-kinase/Akt
signaling axis that subsequently leads to NF-κB
activation (Kapoor et al., 2004).

Conclusions

Protein tyrosine phosphorylation oversees a
multitude of cellular processes that are relevant during
both health and disease. Although more than 100 human
PTPs have been identified that form a family of receptor-
like and cytosolic enzymes, two particular cytoplasmic
PTPs characterized by containing two Src homology 2
(SH2) NH2-terminal domains and a C-terminal protein-
tyrosine phosphatase domain and referred to as SHP-1
and SHP-2 are involved in a variety of cellular functions.
Both SHP-1 and SHP-2 can modulate progenitor cell
development, cellular growth, tissue inflammation, and
cellular chemotaxis. More recently, the ability of SHP-1
and SHP-2 to control cell survival and cell protection
has come to light. These proteins are integral
components for the function of several trophic factor and
metabolic pathways that have far reaching implications
for disease pathways and disorders such as diabetes,
neurodegeneration, neoplastic growth, and oxidative
stress. SHP-1 and SHP-2 rely upon parallel, but
sometimes opposing downstream cellular mechanisms
that can closely regulate early and late apoptotic
programs. The activity of SHP-1 and SHP-2 has been
associated with the modulation of cellular signals that
involve PI 3-K, Akt, Jak2, STAT, MAPKs, ERKs, JNKs,
and NF-κB. Our progressive grasp upon the impact of
SHP-1 and SHP-2 over critical pathways of cell
physiology and survival will continue to enhance our
ability to design and development targeted therapeutic
strategies for a number of disorders involving multiple
organ systems of the body.
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