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Vascular smooth muscle cells (VSMCs) perform essential smooth muscle contractile and synthetic functions including migration,
differentiation and proliferation under physiological and pathological conditions. In response to pathological stimuli, VMSCs undergo
phenotypic change resulting in abnormal migration and proliferation, which may contribute to a “pathogenesis-like” atherosclerosis.
Intracellular signaling mechanisms governing this phenotypic switch are of great significance not only for better understanding of
atherosclerotic plaque formation but also for strategy for pertinent therapeutic remedies. Src Homology 2 Containing Protein Tyrosine

Phosphatase 2 (SHP2) is a ubiquitous tyrosine phosphatase containing Src Homology 2 domains which plays major biological functions

in response to various growth factors, hormones or cytokines. In particular, SHP2 is implicated in cell signaling pathways controlling
cell cycle progression, growth and migration. In this review we will mainly discuss the recent literature demonstrating the role of SHP2

in VSMC migration and proliferation.
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Introduction

Under physiological condition, vascular smooth muscle cells
(VSMCs) exist in an organized, differentiated and contractile
phenotype to perform contractile and synthetic functions
characterized by changes in morphology, proliferation and
migration rates. However, in response to pathological stimuli
these contractile cells may be switched to a proliferative and
migratory phenotype. The ability to shuttle between pheno-
types is necessary for wound healing and growth of new ves-
sels in developing tissues. On the other hand, VSMCs may
contribute to pathological changes in the vasculature such
as atherosclerosis when they are inappropriately stimulated
to proliferate and migrate!'l. A plethora of efforts have been
made attempting to elucidate the governing of this phenotypic
switching in VSMCs. In particular, a wide variety of growth
factors have been identified to participate in the regulation of
VSMC proliferation and migration. For instance, VSMCs may
migrate and proliferate with a fair degree of predictability in
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response to platelet-derived growth factor (PDGF)!
ever, proliferation and migration can be bolstered or mitigated
in VSMCs in the presence of other growth factors or stimuli.
Thus the net outcome in proliferation and migration can be
drastically different depending on the involvement of distinct
signaling pathways!". Therefore a closer scrutiny of the cell
signaling mechanisms seems essential in understanding the
switch in phenotype for VSMC proliferation and migration.
Among the many proteins and cell signaling molecules sur-
faced over the last decades, Src homology 2 (SH2) containing
protein tyrosine phosphatase (PTP) 2 (SH-PTP2) has drawn
some heavy attention recently in the regulation of multiple sig-
naling pathways associated with growth and proliferation in a
variety of cell types. SH-PTP2 is a member of the non receptor
protein tyrosine phosphatase family and will be referred to
as SHP2 in this review. SHP2, a 597 amino acid (AA) mono-
mer first identified in human cells in 1992 as a homolog to the
Drosophila Corkscrew protein®, acts by targeted dephospho-
rylation of substrate phosphotyrosine. The gene encoding this
protein is found on chromosome 12 band q24.13. Mutations
in this gene have been associated with several human genetic
diseases such as Noonan syndrome, Leopard syndrome and
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Juvenile Myelo monocytic Leukemial®

. Missense point muta-
tions may result in increased phosphatase activity leading to
short stature, facial dysmorphia, skeletal malformation and
congenital heart disease in Noonan syndrome!”. SHP2 also
plays a significant role in intracellular signaling associated
with growth factors, receptor tyrosine kinases, integrins, and
immunoglobulin receptors in cell cycle, migration, prolifera-

tion and apoptosis regulation® .

Structure and function

Structurally, SHP2 is characterized by two tandem N termi-
nal SH2 domains, a catalytic PTP domain and a C terminal
tail. The two SH2 domains are named N and C, with N being
the SH2 domain closer to N terminal. These domains are
about 100 AAs in sequence and are found between AAs 6-101
(N-SH2) and 112-211 (C-SH2). The business end of the SHP2
stick, the PTP domain lies between AAs 276-523 and is fol-
lowed by the C-terminal tail which extends up to AA 597"
To-date, several different clones are available from NCBI rang-
ing from 460 AA in length to the most prevalent 597 AA clone.

SH2 domains are thought to localize SHP2 to phospho-
rylated tyrosine residues on substrate proteins. Based on
chromatography affinity and peptide sequencing findings,
Sweeney and colleagues predicted that there are 22 sequences
the N-SH2 domain and 11 sequences that C-SH2 domain bind
with high affinity"”. Lesser binding was observed in 150 and
77 sequences for N and C-SH2s, respectively. While C-SH2
exhibits affinity for (T/V/I)XpY(A/s/t/v)X(I/v/]) sequences,
the N-SH2 domain shows affinity for 4 consensus sequences
as the following: (i): (I/L/V/m)XpY(T/V/A)X(I/V/L/f);
(ii): WOM/T/v)pY(y/r)(I/L)X; (ii): (I/ V)XpY(L/M/T)Y(A/
P/T/S/g) and (iv): (I/V/L)XpY(E/M)XP. Note that items in
parentheses indicate multiple AAs occurring with similar fre-
quency at that location with lowercase letters representing less
frequent AAs. In addition, X represents no specificity at that
location and pY is phosphorylated tyrosine!"”. Sequences iii
and iv are conserved sequences (commonly observed N-SH2
domain substrates). Actually, binding of sequences i and ii
has not been shown to occur naturally.

The PTP domain of SHP2 acts to dephosphorylate the
tyrosine residues. PTP activity in SHP2 is negatively regu-
lated primarily by a close association with the N-SH2 domain
in the inactive form. Reversible oxidation may also serve as
an additional negative regulator of the PTP domain at active
serines!"l. The family of classical PTPs is characterized by
the presence of 10 highly conserved motifs in their catalytic
domains for structural conformation, substrate interaction and
phosphates action. Differences in other AA sequences add
another layer of variation thus allowing for more targeted PTP
activity. It is believed that SHP2 dephosphorylates substrates
in a manner distinctly from other PTPs due to its SH2 localiza-
tion/targeting domains, and variation from other PTPs in the
catalytic domain!”. Several studies have examined the SHP2
catalytic domain substrate specificity using capture techniques
although little information is available on the precise target
sequences of the PTP domain of SHP2.
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The C-terminal tail extending from AA 524 through the end
is by far the most interesting and functionally elusive aspect
of SHP-2. SHP2 possesses a generally positive effect on its
substrate as opposed to its sister phosphatase SHP-1 which
generally displays a negative effect on its substrate. While
this statement may be somewhat too general, it does highlight
the power of the C-tail as this is where most of the variations
occur between SHP-1 and SHP2 to allow alternate function.
For more detailed information regarding possible function
of this domain, please see the review by Poole and Jones!”.
Within the SHP2 C-terminal, there are tyrosine and serine
phosphorylation sites, membrane lipid interaction and lipid
raft localization sites and proline rich domains (possible SH3
interaction sites)"”. When SHP2 is inactive the N-SH2 domain
folds back to binds with the PTP sequence sequestering both
domains although leaving the C-SH2 domain available for
substrate interaction (Figure 1). This is thought to be the pri-
mary model of phosphatase regulation. When a phosphory-
lated substrate contacts the C-SH2 domain, the PTP/N-SH2
interaction is lost and N-SH2 also binds the phosphorylated
substrate or another in close proximity>'*. This allows the
PTP domain to execute its phosphatase activity. Another more
recent proposed method of activation is that the SHP2 tyrosine
phosphorylation sites on the C terminal tail become phospho-
rylated and bind one or both SH-2 domains thus freeing the
PTP domain for activity”. Interestingly, the C terminal 543
tyrosine phosphorylation site is flanked by AAs that match an
SH2 conserved affinity sequence. There has been much specu-
lation with regards to how SHP2 activity is regulated and how

C terminal phosphorylation affects localization and phos-
phatase activity of SHP2. SHP2 phosphorylation of tyrosine

542 and 580 has been shown as required for Grb 2 recruitment
12]

via its SH2 domain!

Figure 1. Possible structural conformations of SHP2. (A) Basic structure;
(B) inactive form with N-SH2 and PTP domain interaction; (C) active form
after C tail phosphorylation and N-SH2 domain interaction; (D) active form
after phosphorylated substrate binding of N and C-SH2 domains.

Dephosphorylation of target molecules have potentially
stimulatory or inhibitory affects on the overall signal trans-
duction. For instance, phosphorylation at tyrosine 416 on Src
kinase increases the kinase activity while phosphorylation at
tyrosine 527 decreases the kinase activity. Dephosphoryla-
tion at these sites is expected to result in alternate outcomes'”.
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Hence increased SHP2 phosphorylation may either increase or
decrease the target signal molecules depending on microen-
vironment. Furthermore, if the role of SHP2 is to dephospho-
rylate a protein that inhibits the pathway then the net effect
should be stimulatory. On the other hand, dephosphorylation
might directly stimulate a substrate by creating a conforma-
tional change that opens a hidden binding site upon phospho-
rylation. The same relationship holds for possible negative
regulation. Also, dephosphorylation of ubiquitination sites
can positively reinforce expression of proteins that would oth-
erwise be destroyed™. Receptor tyrosine kinases (the class of
receptor that insulin growth factor receptor (IGFR), fibroblast
growth factor receptor (FGFR), epidermal growth factor recep-
tor (EGFR), and PDGEF receptor belong to) have been shown
to conduct signal transduction through activation of RAS/
MAPK, PI3K/AKT, and PLCy (Figure 2).
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Figure 2. SHP2 in overall RTK receptor signaling. Adapted from Hopper
20067,

SHP2 and VSMCs

Up-to-date, very few reports can be found on PubMed focus-
ing on SHP2 in VSMCs. The majority of efforts have been
engaged towards activation of immune system, control of
migration and proliferation associated with cancers and
insulin signaling. While all worthwhile endeavors, SHP2 is
highly expressed in vasculature that the volume of research in
other tissue types seems disproportionate. Here we will high-
light signaling pathways where SHP2 has been implicated in
VSMCs. In cases when little data are available in VSMCs, the
analysis will be augmented with information of SHP2 in that
specific pathway observed in other tissues or species.

General expression profiles of SHP2 in VSMCs

SHP?2 is expressed widely throughout mammalian tissues
although expression levels vary significantly among different
tissues, with livers and kidneys displaying the least expres-
sion. Using immunohistochemical staining and in situ hybrid-
ization techniques, Adachi and coworkers have shown ubig-
uitous expression of SHP2 in VSMCs!"”. Seki and colleagues
also reported elevated SHP2 expression in thickened intima

[18]

in balloon-induced tissue remodeling™. Chang and cowork-

ers observed a transient increase in SHP2 levels in medial

VSMCs after vascular injury. In addition they also reported
that PDGF, basic fibroblast growth factor (bFGF) and nitric
oxide (NO) but not Ang II, EGF and IGF-1 increase the SHP2
expression in cultured primary rat VSMC"*?, Recently, SHP2
expression and phosphorylation were found elevated in older

[21]

VSMCs compared to the young ones'™, indicating a possible

role of SHP2 in vascular aging.

SHP2 activity and signal transduction

Growth factors and SHP2

Growth factors such as platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), and insulin like growth fac-
tor-1 (IGF-1), were involved in smooth muscle cell migration
and proliferation by stimulating various signaling mechanisms
under physiological and pathological conditions.

PDGF induces SHP2 tyrosine phosphorylation. Tyrosine
phosphorylation of SHP2 stimulates catalytic activity. The
activated SHP2 binds directly to the activated PDGF receptor
at phoshpotyrosine-1009 pY1009 via its N terminal domain
and thereby dephosphorylates the receptor or its associated
substrates™ .. On the other hand, SHP2 is also implicated in
positive regulation, since tyrosine phosphorylation of SHP2
presents a binding site for the adaptor protein Grb2. Grb2
then mediates Ras activation through complex formation with
the nucleotide exchange factor Sos™. In addition SHP2 activ-
ity is also involved in phosphatidylinositol 3-kinase indepen-
dent regulation of cell migration!.

IGF-1 induced smooth muscle cell migration or prolifera-
tion is mediated through aVf3 integrin. IGF-1 stimulates
aVB3 integrin ligand occupancy and phosphorylation, which
results in SHP2 recruitment to the plasma membrane. This
membrane associated SHP2 is subsequently recruited to Src
homology 2 domain-containing protein tyrosine phosphatase
substrate-1 resulting in PTP-1 tyrosine phosphorylation® >,

SHP-2 is a positive mediator of the mitogenic signal trans-
duction induced by EGF. Tyrosine phosphorylation of the
EGEFR is followed by the recruitment of various SH2 domain-
containing intracellular proteins to the cytoplasmic domain of
EGFR. Formation of a Shc-Grb2-sos sevenless complex and
the activation of Ras are key events in the initiation of signals
through activated EGFR™".

SHP2 and focal adhesion kinase

Focal adhesion kinase (FAK) is prototype for a family of
non-receptor protein tyrosine kinase highly expressed in
VSMCs™!. FAK is strongly activated by integrin, growth fac-
tor receptors and G-protein receptor engagement and serves
to integrate downstream signals in response to a variety of

ligands and agonists[29].

In particular, FAK is an intermedi-
ate signal in VSMC migration and proliferation®. Fibroblast
SHP2 is required for cell spreading, migration and focal adhe-
sion. FAK and SHP2-deficient cells exhibited similar phe-
notypes, suggesting that the turnover of focal adhesion sites
required in migration is dependent on SHP2 action through

cyclic activation and deactivation of FAK. In human VSMCs,

Acta Pharmacologica Sinica
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SHP2 directly interacts with FAK by dephosphorylating FAK
at Y397 and thereby regulating VSMC’s focal adhesion and

mi grationm’ 52,

SHP2 and Rho
Rho functions as a molecular switch under the tight control of
regulatory proteins that cycle between the active GTP-bound

and inactive GDP-bound forms® 3,

In middle passage rat
VSMCs, peroxisome proliferator-activated receptors (PPAR)
ligands suppresses Rho activity by up-regulating cytoplas-
mic SHP2 where it binds and inactivates VAV, a GTP/GDP
exchange factor for Rho kinase™ *). In primary VSMCs, NO
upregulates SHP2 expression (albeit not necessarily phospho-
rylation) and cell migration® ¥, When SHP2 was attenuated
via an antisense oligonucleotide, the NO-induced motility was
decreased, possibly due to Rho A-dependent change in cell
motility™!. It was also shown that the NO-induced cell motil-
ity is largely due to the Gab1/SHP2 interaction. This raises
the question regarding the precise nature of the Gabl/VAV
interaction in proliferation and migration. When VSMCs are
dedifferentiated, NO is capable of reducing motility™
blocking the increased motility in response to PDGF treatment.

and

However, after an extended period of culture in dedifferenti-
ated cells with insulin, a Gabl/SHP2 interaction may lead
to a decrease in Rho A abundance en route to the increased
motility™. Rho is thought to be responsible for SHPS-1 phos-

phorylation which leads to SHP2 recruitment”. Depending
on environment, Rho can be either up- or down-stream of

SHP2.

SHP2 and JAK/STAT

The JAK/STAT pathway plays a rather significant role in vas-
cular smooth muscle cell proliferation and migration induced
by angiotensin II. In response to angiotensin II the JAK/STAT
signaling in VSMCs involves the tyrosine phosphorylation
and subsequent activation of JAK tyrosine kinases, which in
turn phosphorylates STATs. The phosphorylated STAT trans-
locates to nucleus as dimers and binds to specific response ele-
ments in gene promoters and direct transcription®. In middle
passage rat VSMCs, SHP2 phosphorylation and localization
on AT1 receptor are necessary for the JAK2/AT1 interaction

2 On con-

and modulation of JAK2 downstream signaling
trary Doan and colleagues have reported SHP2 as a negative
regulator of angiotensin II signaling, where phosphorylated
SHP2 was found to inhibit c-Src catalytic activity by dephos-
phorylating a positive regulatory tyrosine 418 within the Src
kinase domain™®. High glucose conditions augment the Ang
II-induced ROS production, VSMC proliferation and tyrosine
phosphorylation of JAK2 via the polyol pathway. The polyol
pathway may in turn activate PKCP2 and NADPH oxidase to
generate more ROS. ROS is known to regulate the activity of
SHP2. The altered state of SHP2 hinders its ability to interact
with JAK2™™. In hyperglycemic states, SHP2 levels and activ-
ity display a two-fold increase in VSMCs compared with the
normal glucose environment’,

Acta Pharmacologica Sinica

SHP2 and PI3K/AKT

PI3-K is composed of a catalytic p110 subunit and a regulatory
p85 subunit. PI3-K phosphorylates membrane glycerophos-
pholipid phosphatidylinositol 4,5 biphosphate resulting in
production of phosphatidylinositol 3,4,5 trisphosphate (PIP;)
and phosphatidylinositol 3,4 trisphosphate (PIP,). PI3-K is an
upstream signaling molecule of Akt which is also important
in the maintenance of VSMC differentiation. SHP2 interacts
with the p85 subunit of PI3-K and is a required step for IGF-
1-induced PI3-K activation en route to cell migration and
phosphorylation of Akt in middle passage VSMCs™. In EGF-
and Ang Il-treated VSMCs, GAB 1 is rapidly phosphorylated
and associates with the p85 subunit of PI3K and leads to Akt
activation. When SHP?2 is activated by resveratrol (compound
from grape skin), it mitigates the GAB1/PI3K interaction and
attenuates Akt activation!*.

SHP2 and integrins

SHP?2 recruitment to the plasma membrane is dependent on
aVp3 integrin occupancy and phosphorylation. This SHP2
recruitment is also dependent on an insulin receptor sub-
strate (IRS) family protein DAK1 which serves as a docking
protein between SHP2 and the B3 subunit of the integrin
heterodimer™”). Once at the plasma membrane, it can be
recruited to the SHPS-1, IRS-1, or other substrates. Transform-
ing growth factor (TGF)P stimulates the upregulation of aV{33
integrins in 2-6 passage VSMCs. TGFp is a positive prolifera-
tion effector of VSMC present following vascular injury™.
aVp3 integrins bind a non collagen substrate and are upregu-
lated after oxidative damage in high passage proliferative
cells™. Taken together, SHP2 recruitment to the plasma mem-
brane by this specific integrin could be a primary mechanism
priming VSMC migration and proliferation.

SHP2 and MAPK

SHP2 is tied to phenotype dependent response to IGF-1 in
VSMCs. Upon IGF-1 stimulation, SHP2 dephosphorylated
IRS-1 at Tyr-895 resulting in interrupted IRS-1/Grb 2/Sos sig-
naling to Ras and subsequently ERK/p38 MAPK. Conversely
after multiple passages in culture this negative regulation was
silent and IGF-1 treatment led to IRS-1/Grb 2/Sos activation
of Ras and subsequently of ERK/p38 MAPKs!". In middle
passage VSMCs the GAB1 phosphorylation in response to
PDGF was at least somewhat dependent on PKC and PLCy™.
IGF-1-dependent Shc phosphorylation is required for MAPK
activation and cell proliferation. Recruitment of SHP2 and
Shc to SHPS-1 in response to IGF-1 are both required for Shc
phosphorylation and therefore necessary for mediating IGF-1

dependent mitogenic signaling in SMCs™!

. On a separate
note, unsaturated lysophosphatidic acid (LPA) is capable of
transforming the primary differentiated VSMCs into dediffer-
entiated VSMCs via ERK and p38 MAPKs"". How does this
unsaturated LPA affect SHP2? In Rat-1 cells, LPA was shown
to increase SHP2 association with SHPS-1, representing a

possible mechanism for VSMC dedifferentiation. The SHP2/
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SHPS-1 interaction then appears to bring on MAPK activation
at least in response to LPA and IGF-1. SHPS-1 is phosphory-
lated in the LPA and IGF-1 signaling™’.

Challenge in shp2 signaling in VSMCs

SHP2 exerts negative effects on Akt in the EGF and Ang II sig-
naling pathways whereas it elicits positive effects on MAPK
in the IGF-1 and LPA signaling cascades. GAB is capable of
recruiting SHP2 in both instances. In response to EGF and
Ang II, GAB works in concert with the p85 subunit of PI3K.
On the other side of the coin, GAB also associates with Grb 2
and the RTK signaling complex upon IGF-1 stimulation. In
addition, factors favoring VSMC proliferation and migration
seem to contribute to SHP-2 localization at the plasma mem-
brane and its association with SHPS-1 or other substrates, lead-
ing to subsequent MAPK activation. In increased migration
due to SHP2 negative regulation of Rho, it is unclear where
this takes place but again it looks as if there is SHP2-GAB
interaction involved. Given that protein tyrosine phosphatase
activity is often measured using dephosphorylation of p-ni-
trophenyl phosphate to offer an overall cellular phosphatase
activity, it is often difficult to attribute the activity to a single
phosphatase. Even with attempts being made to inhibit other
phosphatases, the control is never adequate for all known
dephosphorylation enzymes. Furthermore, it is not entirely
clear if phosphorylation of C-terminal residues is a necessary
step for phosphatase activity (possibly activated through SH2
domain interactions with substrate proteins). Further study
with phospho residues in the C-tail of SHP2 as the marker for
an active enzyme is warranted. It is difficult to sift through
the seemingly contradictory evidence with regards to SHP2
activity and expression in VSMC action. Variables like cell
type, cell age, growth factor employed, degree of confluence
and time between treatment and assay must be considered in
order to get a better picture of the vascular effect of SHP2. The
complexity of SHP2 regulation and action further add to such
technical difficulties.

With many possible catalytic, SH2 domain, and C tail sub-
strates and regulators, SHP2 is clearly an important regula-
tor of intracellular signaling. Co-precipitation assays and
immunohistochemistry for cellular localization of molecules
that alter phosphorylation states may also be used to deter-
mine possible interaction and site of action. Many further
questions regarding the action of SHP2 remain. As a target
for drug development, SHP?2 is attractive because of its mul-
tiple sites and pathways for regulation. If the utility of the
C terminal and SH2 domains can be better defined, possible
antagonists or agonists for those specific regions may allow
normal SHP?2 action in a given pathway but “loss or gain of
function” in another pathway. For instance if the section of
the C tail responsible for phosphorylation and interaction with
the SH2 domain is inactivated, one could limit SHP2 activity
to targeted N and C-SH2 domain substrate interaction activa-
tion. Similarly, C terminal lipid raft localization motifs or the
C-SH2 domain could be selectively inhibited to limit unique
SHP2 action while preserving others. We should emphasize

that any application will require a better understanding of the
SH2/ c-tail relationships.

In cases where SHP2 binding to a certain substrate is
required for signal transduction, it is presumed that this signal
is dependent on SHP2 phosphatase action on that substrate
or one in the same complex. While some studies do connect
SHP2 association with substrate protein and dephosphoryla-
tion of that or another substrate, most studies stop short. This
may create a scenario that in cases where SHP?2 is localized
to its substrate proteins, it may actually be sequestered from
other possible substrates.
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