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Abstract

Cytokines are secreted proteins that regulate diverse biological functions by binding to receptors at the cell surface to activate complex
signal transduction pathways including the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway. Stringent
mechanisms of signal attenuation are essential for ensuring an appropriate, controlled cellular response. Three families of proteins, the
SH2-containing phosphatases (SHP), the protein inhibitors of activated STATs (PIAS), and the suppressors of cytokine signaling (SOCS),
inhibit specific and distinct aspects of cytokine signal transduction. The analysis of mice lacking genes for members of the SHP has shed
much light on the roles of these proteins in vivo. In recent in vitro studies, the protein modifiers ubiquitin and small ubiquitin-like modifier
(SUMO) have emerged as key players in the strategies employed by SOCS and PIAS to repress signaling. This review throws light on the
mechanisms of action of these regulators as being evolved by the latest researches.
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1. Introduction

Cytokines are secreted glycoproteins which play a pivo-
tal role in the development and pathology of human
disease, including diseases of the immune system. Since
their discovery and cloning, it has become abundantly clear
that cytokines play critical roles in regulating immune and
inflammatory cells. For instance, the development of lym-
phoid and myeloid cells is now known to be controlled to a
major degree by cytokines such as interleukin IL-7, IL-3,
granulocyte-monocyte colony-stimulating factor (GM-
CSF), and granulocyte colony-stimulating factor, among
others. Similarly, numerous studies have documented the
role of IL-6 in promoting inflammatory responses. Other
cytokines can be classified as immunoregulatory cyto-
kines. For example, IL-2 controls lymphoid homeostasis
both positively and negatively; in addition, the differentia-
tion of CD4" T-helper (Th) cells into Th1 and Th2 subsets
has been documented to be controlled in large measure by
cytokines. For instance, IL-12 promotes the differentiation
of naive Th cells to those that produce interferon (IFN)-vy
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and lymphotoxin (Thl cells), whereas IL-4 drives the
differentiation of T cells to those that secrete IL-4, IL-5,
and IL-10 (Th2 cells). Signaling receptors are members of
two structurally related families, termed type I and type 11
cytokine receptors. Type I cytokine receptors include those
for cytokines such as erythropoietin, prolactin, growth
hormone (GH), thrombopoietin, granulocyte colony-sti-
mulating factor, and GM-CSF. In addition, many, but
not all of the receptors for different interleukins are part
of this family: IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-
11, IL-12, IL-13, and IL-15. The type II cytokine receptors
include those for the IFNs (IFN-«, IFN-$3, and IFN-v) and
IL-10. Of note, the receptors for IL-1, IL-18, IL-8, trans-
forming growth factor-[3, and tumor necrosis factor are not
part of this family. Type I and II cytokine receptors lack
intrinsic kinase activity and instead rely on Janus kinase
(Jak) proteins to initiate signaling. Once a cytokine binds to
its corresponding receptor, it leads to conformational
changes in the receptor initiating activation of JAK. JAKs,
a family of four non-receptor tyrosine kinases, selectively
phosphorylate STATS, leading to their activation, dissocia-
tion from JAK, dimerization and translocation to the
nucleus (Fig. 1). This pathway is crucial to many responses
like hematopoiesis, immune regulation and oncogenesis.
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Fig. 1. Upon binding of a cytokine to its corresponding receptor, it leads to conformational changes in the receptor initiating activation of JAK. JAKSs, a family
of four non-receptor tyrosine kinases, selectively phosphorylate STATS, leading to their activation, dissociation from JAK, dimerization and translocation to the
nucleus. This pathway is crucial to many responses like hematopoiesis, immune regulation and oncogenesis. Signal transduction is repressed by distinct
mechanisms. At least three different classes of negative regulators exist to limit the strength and duration of cytokine responsiveness. These include
constitutively present protein tyrosine phosphatases, such as Src-homology 2 (SH2)-containing phosphatase (SHP) and protein inhibitors of activated STATS
(PIAS) and cytokine inducible suppressors of cytokine signaling (SOCS). SHP dephosphorylate activated receptors and Jak. PIAS sumoylates STAT dimers in

the nucleus. SOCS act on JAK and receptors for deactivation and proteolysis.

Cytokine binding to these receptors can activate a variety
of pathways within cells including mitogen-activated pro-
tein kinases (MAPKs) and phosphoinositide 3’ kinase
(PI3K). However, tyrosine-phosphorylated transcription
factors, the signal transducer and activator of transcription
(STAT) provide great insight into the action of cytokines.
Recently, research has focused on molecules that attenuate
cytokine signaling. Excess positive signaling or insuffi-
cient negative signaling may lead to autoimmunity. Excess
negative signaling or insufficient positive signaling may
lead to immunodeficiency. Regulation of the initiation,
duration, and magnitude of cytokine signaling occurs at
multiple levels, including limiting the availability of cyto-
kine to initiate a response, regulating the expression and
half-life of cell surface receptor components, and control-
ling the duration of activation and half-life of intracellular
signal transduction machinery. Control via a negative
feedback loop is conceptually one of the simplest types
of control. A number of hematological malignancies are
characterized by constitutive activation of the JAK-STAT
pathway [1]. Recent studies show STAT signals being
down-regulated at several intermediate levels of the sig-
naling cascade. Signal transduction is repressed by distinct
mechanisms. At least three different classes of negative
regulators exist to limit the strength and duration of
cytokine responsiveness. These include protein tyrosine

phosphatases, such as Src-homology 2 (SH2)-containing
phosphatase-1 (SHP-1) and CD45, protein inhibitors of
activated STATS (PIAS) and the suppressors of cytokine
signaling (SOCS) (Fig. 1). SOCS proteins are induced in
response to cytokine signaling and can inhibit JAK activity
or target signaling components for ubiquitination and
subsequent proteolysis. It is hypothesized that SOCS gene
expression is rapidly induced on cytokine stimulation, and
the resulting protein products then hinder further signaling
by blocking the JAK-STAT pathway. Recently, it has
emerged that SOCS gene expression can also be induced
by a range of other stimuli, including lipopolysaccharide
(LPS) and chemokines. The SOCS protein family consists
of eight members: cytokine-inducible SH2 domain-con-
taining protein (CIS) and SOCS1-7. Common familial
features include a central SH2 domain and a conserved
C-terminal SOCS box. It has been suggested that SOCS
attenuate cytokine signal transduction by binding to phos-
phorylated tyrosine residues on signaling intermediates,
such as receptor chains and JAKSs, through their SH2
domains, whereas CIS is thought to act by blocking STAT
recruitment to the receptor. The SOCS box motif has been
implicated in E3 ligase activity through its association with
elongin-B and elongin-C. In doing so, SOCS are thought to
target any associated proteins for degradation through the
ubiquitin pathway. SOCSs are also indispensable for reg-
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ulating many biochemical processes like responses to
pathogens, growth rate, leukocyte homeostasis and glucose
turnover [2]. There is considerable amount of literature on
the nature and biological functions of SOCS, whereas SHP
and PIAS are relatively new players. This review will focus
on each SHP and PIAS family member and discuss what is
currently known about the function, regulation and disease
implications of these negative regulators [3].

2. SH2-containing phosphatases (SHP)

A feature shared by many of the cytokine signal trans-
duction pathways is the coupling of receptor activation to
the tyrosine phosphorylation of signaling intermediates.
Tyrosine phosphorylation is a rapid and reversible process
and is therefore likely to be a target of regulatory mole-
cules. Protein tyrosine phosphatases are obvious candi-
dates for proteins that modulate these signals. Early
observations indicated that phosphatase inhibitors could
to some extent mimic the action of cytokines in mitogenic
responses. Virtually all cellular processes, including pro-
liferation, survival, migration, differentiation, and main-
tenance of metabolic homeostasis, are regulated by
tyrosine phosphorylation of proteins within signal trans-
duction networks. Tyrosine phosphorylation levels are
determined by the antagonistic actions of protein tyrosine
kinases and protein tyrosine phosphatases and are fre-
quently deregulated in cancer cells. SHP-1, SHP-2,
CD45, PTP1B and T cell PTP are some phophatases
reported so far involved in regulating JAK/STAT signaling
[4]. SH2-containing phosphatases, SHP are present con-
stitutively and control signaling rapidly by dephosphory-
lating JAK and its receptors.

There are two members in this family, SHP-1 and SHP-
2, consisting of two consecutive N-terminal SH2 domains
and a C-terminal protein-tyrosine phosphatase domain.
They bind with their SH2 domains to phosphotyrosine
residues of a number of cytokine receptors. SHP-1 is
expressed primarily in hematopoietic cells and SHP-2 is
widely expressed in both embryonic and adult tissues [5].

The tyrosine phosphatase SHP-1, primarily expressed in
hematopoietic cells has been hypothesized as one regulator
that can interact with cytokine receptors and down-regulate
their function. Mice having a mutation in the gene that
encodes SHP-1 exhibit many characteristics of systemic
autoimmunity. SHP-1 is thought to function by binding
directly to cytokine receptors to dephosphorylate signaling
components (Fig. 1). Whether SHP-1 or another nuclear
tyrosine phosphatase is responsible for STAT dephosphor-
ylation is not clear.

2.1. Role in cancer

Dysfunction in SHP-1 regulation can cause abnormal
cell growth and induce different kinds of cancers. Extensive

studies on SHP-1 protein and SHP-1 mRNA revealed that its
expression was diminished or abolished in most cancer
cell lines and tissues examined [6]. Growth of cancer cells
was suppressed after introducing the SHP-1 gene into the
corresponding cell lines [7]. It binds directly to JAK2 via an
SH2-independent mechanism.

2.2. Role in brain and neural tissue

SHP-1, the intracellular regulator of many cytokine
signaling pathways, has been implicated in mediating
the activation of glial cells that regulate the central nervous
system. Zhang et al. [8] and Zhao and Lurie [9] report that
loss of SHP-1 leads to altered cytokine expression. Their
findings indicate that decreases in anti-inflammatory cyto-
kines, in combination with increased expression of the pro-
inflammatory cytokine IL-1[3, may initiate a robust inflam-
matory reaction within brain of uninjured mice contribut-
ing to the neuronal degeneration in the deafferented
auditory brainstem. SHP-1 may therefore play a role in
limiting CNS inflammation following injury and disease
[8]. CNS myelination was significantly reduced in SHP-1-
deficient mice relative to their normal littermates. Myelin
basic protein and mRNA levels were reduced in SHP-1-
deficient mice suggesting that SHP-1 is a critical regulator
of developmental signals leading to terminal differentia-
tion and myelin sheath formation by oligodendrocytes [9].

2.3. Role in vascular homeostasis

Angiotensin II has been shown to play an important role
in the regulation of vascular homeostasis, with various
implications for both cardiovascular diseases and tumor
angiogenesis. It exerts its various actions to the cardiovas-
cular and renal systems via interactions with its two
receptor molecules, angiotensin II type 1 receptor (AT1)
and angiotensin II type 2 receptor (AT,). It has been
documented that AT, receptors activate SHP-1 in PC12
cells. Moreover, the onset of SHP-1 activation clearly
precedes the onset of JAK2 inhibition and apoptosis, thus
suggesting that SHP-1 is an upstream, proximal effector in
AT, signaling [10].

2.4. Involvement with SOCS

A novel mechanism has been demonstrated by which
SHP-1 down-regulates the Janus kinase-2 (Jak2)/signal
transducer and activator of transcription-5 (STAT-5) path-
way downstream of the prolactin receptor (PRLR) and the
erythropoietin receptor (EPOR) in a catalytic activity-inde-
pendent manner [10]. Structural/functional analysis of SHP-
1 defined the C-terminal tyrosine residues (Y278, Y303,
Y538, Y566) within growth factor receptor-bound protein 2
(Grb-2) binding motif to be responsible for delivering the
inhibitory effects. Their results further indicate that these
tyrosine residues, via recruitment of the adaptor protein



652 K. Rakesh, D.K. Agrawal/Biochemical Pharmacology 70 (2005) 649-657

Grb-2, are required for targeting the inhibitory protein
suppressor of cytokine signalling-1 (SOCS-1) to Jak2
kinase. They demonstrate for the first time that SOCS-1
contributes to SHP-1 function in negative regulation of
cytokine-receptor signaling, as the loss of SOCS-1 signifi-
cantly compromises the ability of SHP-1 to down-regulate
STATS activation. On the basis of these results, they propose
that following ligand binding, SHP-1 is recruited to the
receptor/Jak complex. SHP-1 recruitment leads to its phos-
phorylation on the C-terminal tyrosine residues, resulting in
the recruitment of Grb2/SOCS-1 complex and targeting
SOCS-1 to Jak2 kinase, consequently inhibiting cytokine-
receptor signaling [11] (Fig. 2).

2.5. Role in growth and development

SHP-2 plays an important role in intracellular signaling
elicited by growth factors, hormones, and cytokines, and it
is required during development and hematopoiesis [12]. It
is rapidly tyrosine phosphorylated upon stimulation with
IL-2, IL-3, IL-5, IL-6, SCF, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), macrophage colony-
stimulating factor, and erythropoietin. SHP-2, a widely
expressed cytoplasmic tyrosine phosphatase with two SH2
domains, has been implicated in a variety of signal trans-
duction pathways elicited by growth factors, cytokines,
hormones, antigens, and extracellular matrices. Recently,
genetic evidence has indicated that SHP-2 is coupled to
EGFR signaling in regulation of mouse growth and devel-
opment [13,14]. Gain of functional mutations in protein
tyrosine phosphatase, non-receptor type 11, PTPNI11, the
gene-encoding SHP-2, is observed in Noonan syndrome, a
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Fig. 2. A novel mechanism has been demonstrated by which SHP-1 down-
regulates the Janus kinase-2 (Jak2)/signal transducer and activator of
transcription-5 (STAT) pathway downstream of the prolactin receptor
(PRLR) and the erythropoietin receptor (EPOR) in a catalytic activity-
independent manner. SHP-1 is recruited to the receptor/Jak complex. SHP-1
recruitment leads to its phosphorylation on the C-terminal tyrosine residues,
resulting in the recruitment of Grb2/SOCS-1 complex and targeting SOCS-1
to Jak2 kinase, consequently inhibiting cytokine-receptor signaling. SOCS-
1 contributes to SHP-1 function in negative regulation of cytokine-receptor
signaling, as the loss of SOCS-1 significantly compromises SHP-1’s ability
to down-regulate STATS activation.

developmental disorder characterized by cardiac and ske-
letal defects and related development disorders, as well as
in myeloid malignancies. Somatic PTPN11 mutations are
common in patients with juvenile myelomonocytic leuke-
mia (JMML) and have been reported in some other hema-
tologic malignancies. Leukemia-associated PTPNII
mutations result in hyperactive RAS. Hyperactive RAS
therefore appears to be a pivotal molecular lesion that
drives the aberrant growth of malignant myeloid cells [15].
PTPN11 mutations are largely mutually exclusive in
JMML, which suggests that mutant SHP-2 proteins dereg-
ulate myeloid growth through Ras. SHP-2 is an important
cellular phosphatase that is mutated in myeloid malignan-
cies [16]. Tartaglia et al. [17] reported that PTPN11 lesions
occurred in childhood acute lymphoblastic leukemia
(ALL). Leukemia-associated PTPNI11 mutations were
mis-sense and were predicted to result in SHP-2 gain-
of-function [17]. SHP-2 also has been shown to inhibit the
Jak-STAT signaling pathway initiated by IFN-o and IFN-y
stimulation [18]. Recently, genetic evidence has indicated
that SHP-2 is coupled to EGFR signaling in regulation of
mouse growth and development. Various studies indicate
that activation of mitogen-activated protein kinase by
growth factors such as EGF and cytokines is positively
regulated by SHP-2. A major non-receptor partner of SHP-
2 in cytokine signaling is Grb2-associated binder, GAB2, a
recently identified pleckstrin homology domain-containing
docking protein. GAB2/SHP-2 interaction promotes
MAPK activation. This interaction might contribute to
chronic myelogenous leukemia, perhaps through effects
on Ras/MAPK signaling [19]. GAB1 interacts with multi-
ple signaling molecules, including the p85 subunit of PI3-
kinase, the SHP-2 tyrosine phosphatase, phospholipase C-
v, Shc, Nck, and Crk. Several studies indicate that Gabl
acts via SHP-2 to control Erk activation. Mutants of Gabl
or receptor-Gab1 chimeras lacking SHP-2 binding sites are
unable to activate Erk or to induce morphogenesis in
MDCK cells, suggesting that SHP-2 is one of the important
binders of GAB1 [20,21]. GAB1 becomes rapidly phos-
phorylated at tyrosine residues by a variety of ligands and
serves as a docking protein for a variety of signal relay
molecules, such as the p85 subunit of PI3-kinase, SHP-2
etc. Various studies indicate that activation of mitogen-
activated protein kinase by growth factors such as EGF and
cytokines is positively regulated by SHP-2. Kapoor et al.
[22] show that over-expression of SHP-2(WT) signifi-
cantly upregulates EGFR-mediated NF-kB activity. An
additive effect on NF-kB-mediated gene expression was
observed when SHP-2 and GAB1 were coexpressed. SHP-
2 has been reported to be a major binding partner of GAB1
in a variety of cell types. GAB1/SHP-2 complex formation
is critically important in cell signaling. GAB1 can function
to activate SHP-2, which in turn activates MAPK signaling.
GAB1/SHP-2 complex is critical for the efficient relay of
EGFR oncogenic signals in glioblastoma cells and thus
may represent a therapeutic target in EGFR-transformed
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cancer cells [22]. This association is a critical step in the
formation of the signalosome linking EGFR to NF-xkB
activation. They also show that EGFR-induced NF-«kB
activation is mediated by the PI3-kinase/Akt activation
loop [22]. This supports the observations that the Gabl/
SHP-2 complex is critical for efficient EGFR signaling and
suggests a positive regulatory role for SHP-2.

2.6. Role in apoptosis

Programmed death-1, PD-1, originally described as a
transcript preferentially expressed in apoptotic cells, is
thought to play a prominent role during the maintenance
of peripheral tolerance. PD-1 engagement in ligation studies
shows blocking of T cell activation. Chemnitz et al. [23]
have reported that the ability of PD-1 to block T cell
activation correlated with recruitment of SHP-1 and SHP-
2. Cytoplasmic tail of PD-1 recruits both SHP-1 and SHP-2
in primary human T cells. Delineation of the role(s) that
SHP-1 and SHP-2 play in PD-1-mediated signal transduc-
tion will provide further insight into the mechanism by
which this receptor modulates T cell activation. This type
of association has not been reported in B cell line so far [23].

3. Protein inhibitors of activated STATs (PIAS)

Protein inhibitors of activated STATs are also expressed
constitutively. PIAS proteins contain a zinc ring finger
domain, N-terminal LXXLL co-regulator motif, C-term-
inal acidic domain involved in binding TIF2 and recently
found PINIT motif involved in nuclear retention [24]. PIAS
proteins exhibit E3-SUMO (small ubiquitin-related modi-
fier)-ligase activity stimulating SUMO attachment to target
proteins acting in different pathways. Ubiquitin is known
for its catabolic role in directing protein degradation when
added to proteins in polyubiquitin chains, causing the
targeted proteins to bind to and be degraded by the 26S
proteasome. Monoubiquitin and its Ubl cousins appear to
function as posttranslational modifiers of protein function
and likely reflect a more ancestral role for the ubiquitin
structural fold in regulating protein activity.

SUMO is highly conserved and shares 18% homology
with ubiquitin. A C-terminal proteolytic cleavage exposes
two C-terminal glycine residues essential for the isopeptide
bond between SUMO and e-amino acid group of a lysine
residue of the target protein. A detailed account of origin,
structure, function and interaction with different factors is
given in the review by Schmidt and Muller [25]. SUMO
modification proceeds by a three-step enzyme shuttle
analogous to ubiquitin addition [26]. For ubiquitin, an
ATP-dependent activation step couples ubiquitin by a
thiolester bond to the El, ubiquitin-activating enzyme.
In turn, ubiquitin is transferred to the reactive cysteine
of one of several E2 ubiquitin-conjugating enzymes. Typi-
cally, an E3 ubiquitin ligase combines with the charged E2
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Fig. 3. Ubiquitin is coupled to E-1 ubiquitin-activating enzyme and in turn
transferred to E-2 ubiquitin-conjugating enzyme. E3 ubiquitin ligase com-
bines with the charged E2 and forms an isopeptide bond between ubiquitin
and the target protein. PIAS proteins act as E3 ligases for SUMO. SUMO
shares 18% homology with ubiquitin.

to facilitate formation of an isopeptide bond between
ubiquitin and the target protein [27]. E3s typically use
protein—protein interaction domains to bind to and select
specific targets and either a zinc-binding RING finger
domain or a HECT domain to stimulate polyubiquitin
chain formation. How ubiquitin is then assembled into a
polyubiquitin chain remains unclear, but the chain is
sufficient for binding to the 26S proteasome and degrada-
tion, although other factors that assist in this process are
becoming known [28] (Fig. 3). PIAS proteins can augment
the covalent modification of proteins with the small ubi-
quitin-related modifier (SUMO). Multiple lines of evi-
dence suggest that PIAS proteins act as E3 ligases for
SUMO. First, PIAS proteins can cooperate with E1 and E2
enzymes in reconstituted systems to augment SUMO
modification of target proteins. Second, PIAS proteins
contain a cysteine-rich RING domain, which is a hallmark
for ubiquitin ligases and is functionally important for the
sumoylation activity of PIAS proteins. Finally, PIAS pro-
teins display some specificity of protein substrates,
although the specificity is not as pronounced as for ubi-
quitin ligases [29] (Fig. 3). In mammals, the PIAS proteins
were first discovered as transcriptional co-regulators of the
JAK-STAT pathway. The binding of cytokines to cell
surface receptors activates the Janus, or JAK, family of
tyrosine kinases, which phosphorylate a family of at least
seven cytoplasmic transcription factors termed STATS.
STATs mediate specific transcriptional responses. Protein
inhibitor of activated STAT1 (PIAS1) was identified as a
specific inhibitor of STAT1 signaling, but conversely can
enhance the transcriptional activity of nuclear hormone
receptors [30]. Briefly, five families are known so far:
PIASI1, PIAS3, o and B PIASx and PIASy. PIAS1 and
PIAS3 bind STAT1 and STAT3 and prevent DNA associa-
tion. PIASx interacts with STAT4. PIASx and PIASy
function in some other ways that are yet not clear. Apart
from inhibition of STAT transcription factors, PIAS pro-
teins play role in sumoylating transcription factors such as
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p53, c-Jun, androgen receptor (AR), c-Myb, and lymphoid
enhancer factor 1 (LEF-1) [31]. PIAS proteins may act like
a buffer for maintaining the concentration of active STAT
dimers within the cell. Studies have shown that PIAS1 and
PIASx[3 possess inherited transcription activity, whereas
PIASxa and PIAS3 lack such activity [32].

PIAS1 binds only to activated STAT1 dimers and inhi-
bits their DNA-binding activity. Monomeric forms of
STAT1 are not bound [32,33]. PIAS1 is a physiological
negative regulator of STAT1 and preferentially associates
with unmethylated STAT1. Methylation prevents PIASI
from binding to activated STAT dimers. Rogers et al. [34]
demonstrated that STAT1 is a substrate for SUMO mod-
ification and that PIASx-«, but not PIAS1, functions as an
E3 ligase to promote STAT1 modification. They showed
that inhibition of STAT1 by PIAS proteins does not require
SUMO modification of STAT1 itself. Lysine 703 to argi-
nine mutant STAT1 showed modest but consistently stron-
ger IFN-y-induced gene activation relative to wild-type
STAT1 [34]. PIAS1, PIAS3 and PIAS x sumoylate STAT1
at Lys-703- close to Tyr-701 where JAK is phosphorylated.
Over-expression of PIASx-a, like PIAS1, was able to
inhibit STAT1-mediated gene activation in cultured cells.
Direct interactions between PIAS1 and STAT1 may inter-
fere with the STAT1 ability to bind DNA [35] (Fig. 4).
PIASI interferes with its recruitment to the promoters of
endogenous genes. It is important in interferon-mediated
innate immunity to pathogenic infection [36].

PIAS3 is a specific inhibitor of STAT3. N-terminal
region of PIAS3 is necessary for transcriptional suppres-
sion activity. PIAS3 interferes with p65 binding to the CBP
co-activator, thereby resulting in a decreased NF-kB-
dependent transcription [37]. Over-expression of PIAS3
induces apoptosis in prostrate cancer cell line. PIAS3
functions as a SUMO-1 ligase for interferon regulatory
factor-1, IRF-1, and represses its transcriptional activity
[38]. Smad proteins that transduce TGF-f3 signal are phos-
phorylated by TGF-f receptor and accumulate in the

STAT Dimer

Fig. 4. PIAS1, PIAS3 and PIAS x sumoylate STAT1 at Lys-703- close to
Tyr-701 where JAK is phosphorylated. STAT1 can be modified by SUMO at
lysine residue 703. Direct interactions between PIAS1 and STAT1 may
interfere with the STAT1 ability to bind DNA.

nucleus. PIAS3 interacts with Smad proteins and activates
TGF-B/Smad transcriptional responses. PIASy however
inhibits Smad transcriptional activity and other transcrip-
tional responses [39].

PIASx-alpha is a modulator of androgen receptor. It acts
as a co-suppressor of STAT4 following IL-12 stimulation.
PIASx does not inhibit the DNA binding activity of STAT4.
Instead it is present in the STAT4-DNA binding complex
[40]. PIASx gene encodes two SUMO E3 ligases that are
highly expressed in the testis [41]. PIAS-NY may play an
important role in testis development and/or spermatogen-
esis [42].

PIASy represses the transcriptional activity of the andro-
gen receptor. AR binds to the RING-finger like domain of
PIASy. PIASy contains two transcriptional repression
domains, RD1 and RD2. Gross et al. [43] suggest that
PIASy may repress AR by recruiting histone deacetylases,
independent of its SUMO ligase activity. Mutant PIASy,
defective in promoting sumoylation, retains the ability to
repress AR transcription [43]. PIASy has been shown to
inhibit the activation of gene expression by the IFN-
responsive transcription factor STAT1 and the Wnt-respon-
sive transcription factor lymphoid enhancer binding factor
(LEF1). Roth et al. [44] recently analyzed mice carrying a
targeted mutation of the PIASy gene. The analysis revealed
a modest reduction of the transcriptional response to IFN-
v, a reduced viability of the homozygous mutant mice and
that the activation potential of a Wnt-responsive reporter
by LEF1 and B-catenin is decreased [44]. PIASy also
mediates SUMO-2/3 modification of lymphoid enhancer
factor 1, LEF-1, sequestering it into nuclear bodies, and
SUMO-1 ligation to c-Myb, modulating its transcriptional
activation properties [45].

4. Suppressors of cytokine signaling

In contrast to these constitutive inhibitors are the much
talked about SOCS proteins that are produced in response
to signals from a diverse range of cytokines and growth
factors and which act to attenuate cytokine signal trans-
duction. Members of the SOCS family form a classical
negative feedback loop with key actions involving inhibi-
tion of the JAK-STAT signaling cascade. There are eight
members of the SOCS protein family: the cytokine-indu-
cible SH2 domain-containing protein and SOCS1 through
SOCS7. All eight members contain an N-terminal region of
varying length and sequence, a central SH2 domain, and a
C-terminal SOCS box. Studies reflect the fact that SOCS1,
SOCS2, SOCS3, and CIS mRNA and protein are generally
present at low levels in un-stimulated cells, perhaps
because of active repression. Their levels are induced
rapidly in response to cytokines, with the STATSs playing
an important part in regulating SOCS gene transcription
[46—48]. In addition, pathogens and LPS are also known to
induce SOCS expressions [49-51]. Of the family members,
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SOCS1 and SOCS3 are the most potent inhibitors of
cytokine-induced signals. Forced expression of SOCSI1
or SOCS3 down-regulates a variety of cytokine signal
pathways including IFN-a.

SOCSI can directly bind to the catalytic domain (phos-
phorylated Y1007) of JAK2 through the SH2 domain and
inhibits kinase activity through the kinase-inhibitory
region (KIR) in the N-terminal domain, which is proposed
to function as a pseudosubstrate. The SOCS box functions
to recruit the ubiquitin-transferase complex. Therefore,
SOCS1 combines specific kinase inhibition and a generic
mechanism of targeting interacting proteins into proteaso-
mal degradation. SOCS1 also binds to the p65 subunit of
NF-kB and promotes its degradation, which is a mechan-
ism of suppression of the NF-kB pathway by SOCS1 [52].
KO mice. These mice die within three weeks of birth with a
syndrome characterized by severe inflammation, activation
of peripheral T cells and macrophage infiltration of major
organs. The neonatal defects exhibited by SOCS1 ™'~ mice
appear to occur primarily as a result of hyperT-cell activa-
tion because mice do not die when the SOCS! gene is
restored in T cells ina SOCS1~/~ background [53]. SOCS1
gene silencing by small interfering RNA (siRNA) technol-
ogy also leads to hyperactivation of dendritic cells [54].

SOCS3 initially was found to be induced by erythro-
poietin and granulocyte-macrophage colony stimulating
factor in certain hematopoietic cells. It is involved in
erythropoiesis regulation. Transient expression of
SOCS3 inhibits leukemia inhibitory factor (LIF)-induced
STAT3 reporter gene activation. It is induced in response
to IL-10 in liver. Over-expression of SOCS3 inhibits IFN-
a-induced reporter activity in hepatic cells. [55]. In
presence of the receptor, SOCS3 has a greater ability
to interact with JAKs and to inhibit kinase activity in
growth hormone and IL-2-induced signaling pathway.
SOCS3 has the highest affinity for gp130 subunit of
LIF/IL-6 receptors. Tumor response to oncostatin M
treatment is adversely affected by SOCS3. Recently it
was shown that SOCS-3 does not inhibit Stat3 activation,
growth, and survival in CTCL. In contrast, SOCS3
protects tumor cells against growth inhibition by IFN-
a. Unlike SOCS-1, SOCS-3 is therefore not a tumor
suppressor but rather a protector of tumor cells [56].
The mechanisms of action of the other four SOCS
proteins, SOCS4-7, have not yet been established. A
detailed account on SOCS mechanisms is given in several
review articles focusing only on SOCS.

5. Conclusion

Given the important role of cytokines in mediating many
biological functions, it is not surprising that cytokine signal
transduction pathways are tightly regulated. It is becoming
increasingly apparent that a variety of mechanisms are in
place to modulate a cellular response to cytokine, and the

rate at which the signal is turned off will be due to the net
effect of all of these regulatory pathways. In contrast to
SOCS, which are induced in response to cytokines, SHP-1
and PIAS are constitutively present in the cell and may
therefore function as more acute, early response regulators.
The timing and specificity of each of these mechanisms, as
well as how the inhibitors interact and cooperate with each
other, remain to be determined. Finally, dephosphorylation
of three signaling intermediates (receptor, JAKs, and
STATS) is required to switch off the signal. Not only do
these processes contribute to normal host defense, but also
to the pathogenesis of immune and inflammatory diseases.
Much research has focused on the roles that such inhibitors
play in diseases such as cancer, rheumatoid arthritis,
systemic lupus erythematosus, and even such disparate
illnesses as scleroderma and osteoarthritis. It is clear that
both the pathogenesis and the clinical manifestations of
these debilitating diseases are at least in part due to
aberrant immune and inflammatory responses, both of
which are critically dependent on proteins-activated down-
stream of cytokine activation. Sorting out the roles of
negative regulators of cytokine signaling in the all the
existing pathways that are activated in response to cytokine
will certainly prove a challenge for the future. Once a full
understanding of how these mediators interplay is gained,
this knowledge could be used for therapeutic purposes in
immune diseases by up- or down-regulating these key
inhibitors.

Acknowledgements

This work was supported by National Institutes of Health
Grants ROTHL070885 (to DKA) and RO1HL073349 (to
DKA).

References

[1] Ward AC, Touw I, Yoshimura A. The Jak-Stat pathway in normal and
perturbed hematopoiesis. Blood 2000;95:19-29.

[2] Elliott J, Johnston JA. SOCS: role in inflammation, allergy and

homeostasis. Trends Immunol 2004;25:434—40.

Ortmann RA, Cheng T, Visconti R, Frucht DM, O’Shea JJ. Janus

kinases and signal transducers and activators of transcription: their

roles in cytokine signaling, development and immunoregulation.

Arthritis Res 2000;2:16-32.

Shuai K, Liu B. Regulation of JAK-STAT signaling in the immune

system. Nat Rev Immunol 2003;3:900-11.

[5] Wu C, Sun M, Liu L, Zhou GW. The function of the protein tyrosine

phosphatase SHP-1 in cancer. Gene 2003;13(306):1-12.

Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and

SHP-2 associate with immunoreceptor tyrosine-based switch motif of

programmed death 1 upon primary human T cell stimulation, but only

receptor ligation prevents T cell activation. J Immunol 2004;173:945—

54.

Tsui HW, Hasselblatt K, Martin A, Mok SC, Tsui FW. Molecular

mechanisms underlying SHP-1 gene expression. Eur J Biochem

2002;269:3057-64.

[3

[t}

[4

=

[6

=

[7



656 K. Rakesh, D.K. Agrawal/Biochemical Pharmacology 70 (2005) 649-657

[8] Zhang Q, Raghunath PN, Vonderheid E, Odum N, Wasik MA. Lack of
phosphotyrosine phosphatase SHP-1 expression in malignant T-cell
lymphoma cells results from methylation of the SHP-1 promoter. Am J
Pathol 2000;157:1137-46.

[9] Zhao J, Lurie DI. Loss of SHP-1 phosphatase alters cytokine expres-
sion in the mouse hindbrain following cochlear ablation. Cytokine
2004;28:1-9.

[10] Massa PT, Wu C, Fecenko-Tacka K. Dysmyelination and reduced
myelin basic protein gene expression by oligodendrocytes of SHP-1-
deficient mice. J Neurosci Res 2004;77:15-25.

[11] Shaw S, Bencherif M, Marrero MB. Angiotensin II blocks nicotine-
mediated neuroprotection against beta-amyloid (1-42) via activation
of the tyrosine phosphatase SHP-1. J Neurosci 2003;23:11224-8.

[12] Feng GS. Shp-2 tyrosine phosphatase: signaling one cell or many. Exp
Cell Res 1999;253:47-54.

[13] Chen B, Bronson RT, Klaman LD, Hampton TG, Wang JF, Green PJ, et
al. Mice mutant for Egfr and Shp2 have defective cardiac semilunar
valvulogenesis. Nat Genet 2000;24:296-9.

[14] Qu CK, Yu WM, Azzarelli B, Feng GS. Genetic evidence that Shp-2
tyrosine phosphatase is a signal enhancer of the epidermal growth
factor receptor in mammals. Proc Natl Acad Sci USA 1999;96:8528—
33.

[15] Loh ML, Reynolds MG, Vattikuti S, Gerbing RB, Alonzo TA, Carlson
E, et al. PTPN11 mutations in pediatric patients with acute myeloid
leukemia: results from the children’s cancer group. Children’s cancer
group. Leukemia 2004;18:1831-4.

[16] Loh ML, Vattikuti S, Schubbert S, Reynolds MG, Carlson E, Lieuw

KH, et al. Mutations in PTPN11 implicate the SHP-2 phosphatase in

leukemogenesis. Blood 2004;103:2325-31.

Tartaglia M, Martinelli S, Cazzaniga G, Cordeddu V, lavarone I,

Spinelli M, et al. Genetic evidence for lineage-related and differentia-

tion stage-related contribution of somatic PTPN11 mutations to

leukemogenesis in childhood acute leukemia. Blood 2004;104:307—

13.

[18] Lehmann U, Schmitz J, Weissenbach M, Sobota RM, Hortner M,
Friederichs K, et al. SHP2 and SOCS3 contribute to Tyr-759-depen-
dent attenuation of interleukin-6 signaling through gp130. J Biol Chem
2003;278:661-71.

[19] Liu Y, Jenkins B, Shin JL, Rohrschneider LR. Scaffolding protein
Gab2 mediates differentiation signaling downstream of Fms receptor
tyrosine kinase. Mol Cell Biol 2001;21:3047-56.

[20] Maroun CR, Naujokas MA, Holgado-Madruga M, Wong AJ, Park M.
The tyrosine phosphatase SHP-2 is required for sustained activation of
extracellular signal-regulated kinase and epithelial morphogenesis
downstream from the met receptor tyrosine kinase. Mol Cell Biol
2000;20:8513-25.

[21] Schaeper U, Gehring NH, Fuchs KP, Sachs M, Kempkes B, Birch-
meier W. Coupling of Gabl to c-Met, Grb2, and Shp2 mediates
biological responses. J Cell Biol 2000;149:1419-32.

[22] Kapoor GS, Zhan Y, Johnson GR, O’Rourke DM. Distinct domains in
the SHP-2 phosphatase differentially regulate epidermal growth factor
receptor/NF-kappaB activation through Gabl in glioblastoma cells.
Mol Cell Biol 2004;24:823-36.

[23] Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and
SHP-2 associate with immunoreceptor tyrosine-based switch motif of
programmed death 1 upon primary human T cell stimulation, but only
receptor ligation prevents T cell activation. J Immunol 2004;173:945—
54.

[24] Wong KA, Kim R, Christofk H, Gao J, Lawson G, Wu H. Protein
inhibitor of activated STAT Y (PIASy) and a splice variant lacking
exon 6 enhance sumoylation but are not essential for embryogenesis
and adult life. Mol Cell Biol 2004;24:5577-86.

[25] Schmidt D, Muller S. PIAS/SUMO: new partners in transcriptional
regulation. Cell Mol Life Sci 2003;60:2561-74.

[26] Melchior E. SUMO—nonclassical ubiquitin. Annu Rev Cell Dev Biol
2000;16:591-626.

[17

[27] Jackson PK, Eldridge AG, Freed E, Furstenthal L, Hsu JY, Kaiser BK,
et al. The lore of the RINGs: substrate recognition and catalysis by
ubiquitin ligases. Trends Cell Biol 2000;10:429-39.

[28] Pickart CM. Ubiquitin enters the new millennium. Mol Cell
2001;8:499-504.

[29] Roth W, Sustmann C, Kieslinger M, Gilmozzi A, Irmer D, Kremmer E,
et al. PIASy-deficient mice display modest defects in IFN and Wnt
signaling. J Immunol 2004;173:6189-99.

[30] Liu B, Liao J, Rao X, Kushner SA, Chung CD, Chang DD, et al.
Inhibition of Statl-mediated gene activation by PIAS1. Proc Natl
Acad Sci USA 1998;95:10626-31.

[31] Wong KA, Kim R, Christofk H, Gao J, Lawson G, Wu H. Protein
inhibitor of activated STAT Y (PIASy) and a splice variant lacking
exon 6 enhance sumoylation but are not essential for embryogenesis
and adult life. Mol Cell Biol 2004;24:5577-86.

[32] Kotaja N, Aittomaki S, Silvennoinen O, Palvimo JJ, Janne OA. ARIP3
(androgen receptor-interacting protein 3) and other PIAS (protein
inhibitor of activated STAT) proteins differ in their ability to modulate
steroid receptor-dependent transcriptional activation. Mol Endocrinol
2000;14:1986-2000.

[33] Liu B, Liao J, Rao X, Kushner SA, Chung CD, Chang DD, et al.
Inhibition of Statl-mediated gene activation by PIASI. Proc Natl
Acad Sci USA 1998;95:10626-31.

[34] Rogers RS, Horvath CM, Matunis MJ. SUMO modification of STAT
and its role in PIAS-mediated inhibition of gene activation. J Biol
Chem 2003;278:30091-7.

[35] Schmidt D, Muller S. PIAS/SUMO: new partners in transcriptional
regulation. Cell Mol Life Sci 2003;60:2561-74.

[36] Liu B, Mink S, Wong KA, Stein N, Getman C, Dempsey PW, et al.
PIASI selectively inhibits interferon-inducible genes and is important
in innate immunity. Nat Immunol 2004;5:891-8.

[37] Jang HD, Yoon K, Shin YJ, Kim J, Lee SY. PIAS3 suppresses NF-
kappaB-mediated transcription by interacting with the p65/RelA
subunit. J Biol Chem 2004;279:24873-80.

[38] Wang L, Banerjee S. Differential PIAS3 expression in human malig-
nancy. Oncol Rep 2004;11:1319-24.

[39] Long J, Wang G, Matsuura I, He D, Liu F. Activation of Smad
transcriptional activity by protein inhibitor of activated STAT3
(PIAS3). Proc Natl Acad Sci USA 2004;101:99-104.

[40] Arora T, Liu B, He H, Kim J, Murphy TL, Murphy KM, et al. PIASx is
a transcriptional co-repressor of signal transducer and activator of
transcription 4. J Biol Chem 2003;278:21327-30.

[41] Santti H, Mikkonen L, Hirvonen-Santti S, Toppari J, Janne OA,
Palvimo J. Identification of a short PIASx gene promoter that directs
male germ cell-specific transcription in vivo. J Biochem Biophys Res
Commun 2003;308:139-47.

[42] Zheng Y, Zhou ZM, Yin LL, Li JM, Sha JH. Molecular cloning and
characterization of a novel splicing variant of PIASx. Acta Pharmacol
Sin 2004;25:1058-64.

[43] Gross M, Yang R, Top I, Gasper C, Shuai K. PIASy-mediated
repression of the androgen receptor is independent of sumoylation.
Oncogene 2004;23:3059-66.

[44] Roth W, Sustmann C, Kieslinger M, Gilmozzi A, Irmer D, Kremmer E,
et al. PIASy-deficient mice display modest defects in IFN and Wnt
signaling. J Immunol 2004;173:6189-99.

[45] Wong KA, Kim R, Christotk H, Gao J, Lawson G, Wu H. Protein
inhibitor of activated STAT Y (PIASy) and a splice variant lacking
exon 6 enhance sumoylation but are not essential for embryogenesis
and adult life. Mol Cell Biol 2004;24:5577-86.

[46] Schluter G, Boinska D, Nieman-Seyde SC. Evidence for translational
repression of the SOCS-1 major open reading frame by an upstream
open reading frame. Biochem Biophys Res Commun 2000;268:255—
61.

[47] He B, You L, Uematsu K, Matsangou M, Xu Z, et al. Cloning and
characterization of a functional promoter of the human SOCS-3 gene.
Biochem Biophys Res Commun 2003;301:386-91.



K. Rakesh, D.K. Agrawal/Biochemical Pharmacology 70 (2005) 649-657 657

[48] Lee CK, Raz R, Gimeno R, Gertner R, Wistinghausen B, et al. STAT3
is a negative regulator of granulopoiesis but is not required for G-CSF-
dependent differentiation. Immunity 2002;17:63-72.

[49] Gautron L, Lafon P, Tramu G, Laye S. In vivo activation of the
interleukin-6 receptor/gp130 signaling pathway in pituitary cortico-
tropes of lipopolysaccharide-treated rats. Neuroendocrinology
2003;77:32-43.

[50] Nakagawa R, Naka T, Tsutsui H, Fujimoto M, Kimura A, et al. SOCS-
1 participates in negative regulation of LPS responses. Immunity
2002;17:677-87.

[51] Kinjyo I, Hanada T, Inagaki-Ohara K, Mori H, Aki D, et al. SOCS1/
JAB is a negative regulator of LPS-induced macrophage activation.
Immunity 2002;17:583-91.

[52] Ryo A, Suizu F, Yoshida Y, Perrem K, Liou YC, Wulf G, et al.
Regulation of NF-«B signaling by Pinl-dependent prolyl isomeriza-

(53]

[54]

[55]

[56]

tion and ubiquitin-mediated proteolysis of p65/RelA. Mol Cell
2003;12:1413-26.

Hanada T, Yoshida H, Kato S, Tanaka K, Masutani K, Tsukada J, et al.
Suppressor of cytokine signaling-1 is essential for suppressing den-
dritic cell activation and systemic autoimmunity. Immunity
2003;19:437-50.

Shen L, Evel-Kabler K, Strube R, Chen SY. Silencing of SOCS1
enhances antigen presentation by dendritic cells and antigen-specific
anti-tumor immunity. Nat Biotechnol 2004;22:1546-53.

Shen X, Hong F, Nguyen VA, Gao B. IL-10 attenuates IFN-alpha-
activated STAT1 in the liver: involvement of SOCS2 and SOCS3.
FEBS Lett 2000;480:132-6.

Brender C, Lovato P, Sommer VH, Woetmann A, Mathiesen AM,
Geisler C, et al. Constitutive SOCS-3 expression protects T-cell
lymphoma against growth inhibition. Leukemia 2005;19:209-13.



	Controlling cytokine signaling by constitutive inhibitors
	Introduction
	SH2-containing phosphatases (SHP)
	Role in cancer
	Role in brain and neural tissue
	Role in vascular homeostasis
	Involvement with SOCS
	Role in growth and development
	Role in apoptosis

	Protein inhibitors of activated STATs (PIAS)
	Suppressors of cytokine signaling
	Conclusion
	Acknowledgements
	References


