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Signal transducer and activator of transcription (STAT)
proteins are a group of transcription factors that transmit
signals from the extracellular milieu of cells to the nucleus.
They are crucial for the signaling of many cytokines that are
mediators of allergic inflammation. Considerable information
is known about the activation of STATs and their role in gene
transcription; comparably much less is known about how STAT
signaling is regulated. Because STAT's are critical for the
induction of many genes crucial for the allergic cascade and
immune host defense, understanding the regulation of these
molecules will provide novel insights into allergic and
immunodeficiency disorders and will likely identify new targets
for therapeutic interventions. This review will summarize the
current understanding of the regulation of STAT signaling,
emphasizing recent observations. (J Allergy Clin Immunol
2004;114:476-89.)
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During allergic inflammation, preformed and newly
synthesized cytokines are released that contribute to the
pathology seen in allergic diseases. These cytokines have
a wide range of activities on different cell types. They
exert their effects by binding to specific cell-surface
receptors and inducing the expression of relevant target
genes. The discovery of signal transducer and activator of
transcription (STAT) proteins more than 15 years ago
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Abbreviations used
CIS: Cytokine-inducible SH2-containing protein
ERK: Extracellular signal-regulated kinase
GH: Growth hormone
Jak: Janus kinase
JH: Jak homology
LIF: Leukemia inhibitory factor
LMB: Leptomycin B
LMW-PTP: Low-molecular-weight protein tyrosine
phosphatase
MKP: Mitogen-activated protein kinase phosphatase
NES: Nuclear export signal
PIAS: Protein inhibitor of activated STAT
PP2A: Protein phosphatase 2A
PTP: Protein tyrosine phosphatase
SCID: Severe combined immune deficiency
SHP: SH2 domain—containing tyrosine phosphatase
SOCS: Suppressor of cytokine signaling
STAT: Signal transducer and activator of transcription
SUMO: Small ubiquitin-like modifier
TC-PTP: T cell-protein tyrosine phosphatase
TC45: Nuclear isoform of T cell-protein tyrosine
phosphatase

provided a key molecular link between the binding of
a cytokine to its cell-surface receptor and the induction of
specific genes. This link between the IFN receptor and
gene transcription in the first report of STAT protein'
resulted in the discovery of the Janus kinase (Jak)-STAT
pathway. Many ILs, including IL-2, IL-3, IL-4, IL-5, IL-6,
IL-7,1L-9, IL-10, IL-11, IL-12, IL-13, IL-15, IL-23; type I
and type II IFNs; and members of the hematopoietin
family use this pathway to transduce their signals. These
distinct factors transmit their signals through 4 Jak and 7
STAT molecules. As shown in Fig 1, Jaks constitutively
associated with the receptors are brought into proximity
after ligand-receptor interactions, leading to transphos-
phorylation and resultant activation of Jaks. Activated
Jaks then phosphorylate specific tyrosine residues in the
cytoplasmic region of the receptor that can serve as
docking sites for STAT monomers. STAT monomers
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FIG 1. Overview of the Jak-STAT pathway.

associate with the phosphorylated tyrosine sites and
become tyrosine phosphorylated through the action of
Jaks. Activated STATs are released from the receptor,
dimerize, translocate to the nucleus, bind specific canon-
ical DNA elements, and initiate cytokine-specific gene
transcription. Because the Jak-STAT pathway is central to
so many fundamental biologic processes, it is not
surprising that the regulation of STAT function is a tightly
regulated process. Indeed, several mechanisms have been
described that serve to regulate the Jak-STAT pathway at
different points along the cascade. This review will
summarize the current understanding of the regulation of
STAT signaling.

OVERVIEW OF JAK AND STAT PROTEINS

Jak kinases consist of 7 conserved Jak homology (JH)
domains. Jaks have both a pseudokinase domain (JH1)
and a true catalytic kinase domain (JH2), leading to their
being named after the mythological Roman god Janus,
who had 2 faces. The other domains, JH3 through JH7,

mediate association with receptors.2 Although Jaks have
largely overlapping functions, studies of Jak gene-targeted
mice reveal characteristic signaling defects, as summa-
rized in Table 1.>°

Seven STATs have been identified (STATs 1-6, in-
cluding 2 genes encoding STATS) that are activated by
a different group of cytokines and hematopoietins. Studies
in null mice reveal essential activities for STATS, as
summarized in Table I. For example, STAT4 is critical for
IL-12 signaling and Tyl cell differentiation, whereas
STATS6 is critical for IL-4 and IL-13 signaling and Ty2
cell differentiation. STAT homologues have been identi-
fied in simple eukaryotes, suggesting that they arose from
a single gene.>' All STAT proteins share the same overall
structure (Fig 2). They have an N-terminal domain,
a coiled-coil domain, a DNA-binding domain, a linker
domain, an SH2 domain, and a C-terminal region that
contains a critical tyrosine residue, as well as the trans-
activation domain. In some STATSs the C-terminal region
also contains a serine residue that is phosphorylated, and
this phosphorylation is also important for STAT function
(discussed further below). STAT proteins exist as latent
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TABLE I. Immunologic functions of Jak, STAT, and SOCS components

Gene Phenotype of null mice References
Jak kinase
Jak1 Perinatal lethal: defects in lymphoid development 3
Jak2 Embryonic lethal: failure of erythropoiesis 4,5
Jak3 Severe combined immune deficiency 8-10
Tyk2 Defective IL-12 and IFN signaling 6,7
STAT
STATI1 Decreased viral immunity, failure to thrive, impaired IFN signaling 11, 12
STAT2 Impaired IFN signaling 13
STAT3 Embryonic lethal: impaired responses to pathogens 14
STAT4 Impaired IL-12 signaling: defective Tyl cell differentiation 15
STATS5a Impaired mammary gland development: impaired prolactin signaling 16, 17
STATSb Impaired GH signaling: defective NK cell function 18, 19

STATS5a + STAT5b

Decreased T-cell proliferation in addition to single knockout 20
phenotypes: absent NK cells

STAT6 Impaired IL-4 and IL-13 signaling: defective Ty2 cell differentiation 21, 22
SOCS
CIS Normal 28
SOCS1 Perinatal Death (IFN-y dependent) 23,24
SOCS2 Growth abnormalities 25-27
SOCS3 Embryonic lethal 28-30

NK, Natural killer.
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FIG 2. Conserved structural domains of STAT family proteins and their functions. DBD, DNA binding domain; TAD, transactivation domain.

cytoplasmic monomers until cytokine stimulation, where-
upon they dock onto phosphorylated tyrosine residues in
receptor chains through their conserved SH2 domains.
Then they are phosphorylated by receptor-associated Jaks
on a conserved tyrosine residue in their C-terminal region.
After phosphorylation, the STAT dissociates from the
receptor and dimerizes (usually homodimers). The dimer
is formed by the SH2 of one STAT interacting with the
phosphorylated tyrosine in the C-terminal region of the
opposing STAT, resulting in a stable bivalent interac-
tion.’® The dimers then translocate to the nucleus and
recognize and bind through the DNA-binding domain to
members of the IFN-y—activated sequence family of
enhancers, resulting in modulation of downstream gene
transcription. The basis for nuclear translocation of
STATs is not well understood (discussed further below).
The N-terminal domain contains a conserved arginine

residue in all STATs that has been shown to be methylated
in STAT1* and STAT6.** However, the role of methyl-
ation is distinct for the 2 STATs (discussed below). It is
likely that the N-terminus of each STAT family member
has a unique function. This is further supported by recent
studies examining STAT1 through STAT4 chimeric
proteins; the N-terminal domains of STAT1 and STAT4
were not functionally interchangeable.

REGULATION OF STAT SIGNALING

As described above, STAT activation is central to the
many biologic processes, and the regulation of this
pathway occurs at several points along the cascade. A
number of negative regulators of the Jak-STAT signaling
pathway have been described, including tyrosine phos-
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FIG 3. Complex regulatory networks acting on Jak-STAT signaling.

phatases, suppressors of cytokine signaling (SOCSs), and
protein inhibitors of activated STAT (PIASs). STAT
signaling is also regulated by STAT serine phosphoryla-
tion and arginine methylation. Finally, nuclear localiza-
tion is a potential regulatory point for STAT function.
Each of these regulation steps is discussed below.

TYROSINE PHOSPHATASES

Protein tyrosine phosphatase family

There are 3 groups of enzymes that can dephosphory-
late tyrosine phosphorylated residues: classical protein
tyrosine phosphatases (PTPs); dual-specificity PTPs
(dephosphorylate both tyrosine and serine-threonine
phosphorylated residues), including mitogen-activated
protein kinase phosphatase (MKP) 1; and low-molecu-
lar-weight PTPs (LMW-PTPs). The classical PTPs are
divided into 2 families, the transmembrane receptor-like
PTPs, including CD45 and PTPe, and nontransmembrane

PTPs, including SH2-domain-containing PTP1 (SHP1),
SHP2, PTP1B, and T cell-protein tyrosine phosphatase
(TC-PTP). The identification of 113 distinct vertebrate
PTP domains has been reported, and they are classified
into 17 subtypes by analysis of the sequence alignment.
The sequence VHCSXGXGR[T/S]G is defined as the PTP
signature motif.*® Inhibition of PTP activity by using the
PTP inhibitor pervanadate results in constitutive activa-
tion of STATS, which requires J aks.’” Several PTPs were
studied for their roles in regulation of Jak-STAT signal
transduction, including SHP1, SHP2, PTP1B, TC-PTP,
CD45, PTPeC, MKP-1, and LMW-PTP.

SHP1

There are 2 naturally occurring mutations of murine
SHP1. The motheaten (me) allele has an early frame
shift, resulting in the absence of SHP1 activity, whereas
the motheaten viable (me") allele encodes SHP1 mutant
proteins with only approximately 20% of wild-type SHP1
activity. The mice with these mutations express a severe
autoimmune and immunodeficiency syndrome.*®?° In
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bone marrow—derived macrophages from me/me mice,
which lack SHP1 activity, Jakl and STATI tyrosine
phosphorylation is dramatically increased and that of
Tyk2 and STAT2 is largely not affected on IFN-a
stimulation.*°

SHP1 also negatively regulates IL-4— and IL-13—
dependent signal transduction. In bone marrow—derived
macrophages from me'/me" mice, IL-4—induced STAT6
DNA-binding activity is remarkably enhanced compared
with that seen in wild-type mice. Overexpression of SHP1
in NIH3T3 cells downregulates IL-4/IL-13 signaling and
gene induction.*' Studies with wild-type or me'/me"
primitive hematopoietic precursor cells indicate that
SHP1 contributes to the early loss of tyrosine phosphor-
ylated STAT6 induced by IL-4.**

SHP1 associates with Jak2 and dephosphorylates Jak2
when coexpressed in Cos-7 cells. The N-terminal domain,
and not the SH2 domain, of SHP1 is involved in
interaction with Jak2.*’ Leukemia inhibitory factor
(LIF)-induced Jak2 and STAT3 dephosphorylation is
delayed in cells overexpressing an inactive SHP1 mu-
tant.** SHP1 also downregulates IL-2—-induced tyrosine
phosphorylation of Jakl and Jak3. Tyrosine phosphory-
lation of IL-2R{3 and associated Jak1 are both decreased
in SHP1-transfected cells. An SHP1 mutant lacking
phosphatase activity does not affect the tyrosine phos-
phorylation of the IL-2R complex.*> However, in
nonhematopoietic HeLa cells, expression of the SHP1-
inactive mutant reduces IFN-y—induced STAT1 activity
by 30% to 50%, whereas the expression of native SHP1
increases STATI activity by 20% to 30%.% The mech-
anisms for the differential activity of SHP1 in hemato-
poetic and nonhematopoetic systems are unclear.

SHP2

Kinetic studies of STAT1 activation with regulators of
PTP indicate that more than one PTP is involved in
regulation of constitutive and IFN-y—dependent STAT1
activity.*’ The DNA-binding activity of STATI1 and
STAT?2 is significantly increased in SHP2™/~ mouse
fibroblast cells. The activation of both STATs by IFN-a
or IFN-v is diminished in the SHP2 ™/~ cells when SHP2 is
reintroduced. SHP2 is constitutively associated with IFN-
o/B and IFN-y receptors.48 It associates with STATI in
A431 cells after IFN-y or epidermal growth factor
treatment and acts as a dual-specificity protein phospha-
tase, dephosphorylating STAT1 at both Tyr701 and
Ser727. The interaction of SHP2 with STAT1 through
its C-terminal PTP domain and the SH2 domain of STAT1
destabilizes STATI-DNA complexes and inhibits
STAT1-mediated gene expression.*’

SHP2 specifically interacts with tyrosine phosphory-
lated STATSa through its C-terminal SH2 domain and
dephosphorylates STAT5a.>>! Prolactin induces SHP2
nuclear translocation and the binding of the SHP2/STATS
complex to the B-casein gene promoter.’” By using
a substrate-trapping mutant of SHP2, it was shown that
tyrosine phosphorylated STATS is associated with SHP2
on IL-2 stimulation.’® In SHP2-deficient cells dephos-
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phorylation of STATS5a is dramatically delayed, but
dephosphorylation of STAT3 is unaffected.’' In contrast,
in cutaneous T-cell lymphoma cells, constitutive STAT3
and IL-2-induced STATS tyrosine phosphorylation are
not affected by expression of wild-type SHP2 or inactive
SHP2.”

SHP?2 also dephosphorylates Jak2 and contributes to the
Jak?2 stability by decreasing its association with SOCS-1.
Specifically, SHP2 regulates prolactin/STATS5-mediated
signaling by dephosphorylating Tyr-1007 of Jak2, the
SOCS-1 recruitment site.”*

PTP1B

PTP1B, a cytosolic PTP, dephosphorylates and deac-
tivates prolactin-activated STAT5a and STATS5b.”
PTP1B also dephosphorylates Tyk2 and Jak2, which
contain the (E/D)-pY-pY-(R/K) consensus, but not Jakl,
which does not have this motif.’® The substrate-trapping
mutant of PTP1B interacts with Tyk2 and Jak?2 in response
to IFN-c, and in PTP1B-deficient cells STAT1 phosphor-
ylation is enhanced in response to IFN-a.’® Similarly,
overexpression of PTP1B results in reduced STATS-
dependent gene expression.”’

TC-PTP

The nuclear isoform of TC-PTP (TC45) dephosphor-
ylates IL-6—induced activated STAT3 in 293T cells. TC45
interacts with the C-terminal domain of STATI.
Overexpression of TC-PTP in myeloid leukemia M1 cells
suppresses IL-6—induced growth arrest.”® In TC-PTP null
mouse embryonic fibroblasts, IFN-y—induced tyrosine
dephosphorylation of STATI1 is defective. Only the
nuclear (not the cytoplasmic) isoform of TC-PTC can
rescue the defect in STAT! dephosphorylation.
Dephosphorylation of STAT3, but not STATS or
STATS, is also affected in TC-PTP /™ cells.”®

CD45

CD45 is the most studied transmembrane PTP involved
in Jak/STAT signal transduction. CD45 negatively regu-
lates cytokine receptor signaling as a Jak phosphatase.®’
CD45 is a Jak phosphatase in human B cells; it inhibits IL-
4—induced Jak1 and Jak3 phosphorylation and negatively
regulates class-switch recombination to IgE. Recombinant
CD45 directly dephosphorylates Jak1 and Jak3 in vitro.®!

PTPeC

Recently, a cytosolic form of transmembrane PTPe,
PTPeC, was found to negatively regulate IL-6— and LIF-
induced Jak-STAT signaling. It inhibits IL-6— and LIF-
induced tyrosine phosphorylation of Jak1, Tyk2, and the
downstream targets gp130 and STAT3.°® The expression
of an inactive mutant of PTPeC results in enhanced
tyrosine phosphorylation of STAT3 and STAT1 on IL-6
stimulation. It also enhances the IL-6—induced STATI
activation. Expression of PTPeC inhibits IL-10—-induced
STATS3 phosphorylation but has no effect on the IFN-—
or IFN-y—induced STAT1 phosphorylation.®®
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Dual-specificity phosphatases

MKP-1, a nuclear dual-specificity phosphatase, de-
phosphorylates tyrosine phosphorylated STAT1 in vas-
cular smooth muscle cells®® but does not have a role in
tyrosine dephosphorylation of STAT3 in these cells.®’
Calcineurin (PP2B) is responsible for the STAT3 tyrosine
dephosphorylation in angiotensin II-induced vascular
smooth muscle cells. In contrast, protein phosphatase 2A
(PP2A) is responsible for the STAT3 serine dephosphor-
ylation in response to angiotensin I.%°

LMW-PTP

LMW-PTP can associate and dephosphorylate consti-
tutively active STATS in DAMI1 megakaryocytic cells.
Their interaction requires the C-terminal domain of
STAT5.%

SUPPRESSOR OF CYTOKINE SIGNALING

SOCS family proteins are inducible inhibitors of
cytokine signaling, which are represented by several
structurally related proteins. SOCS proteins were discov-
ered by 3 groups using distinct approaches to search for
proteins capable of inhibiting cytokine responses,67
interacting with Jaks,°® and containing homology to
STAT SH2 domains.®” Thus SOCSs are also known as
Jak2-binding protein, STAT-induced STAT inhibitor, and
cytokine inducible SH2-containing protein (CIS). The first
member of this family, CIS, was discovered as an
immediate early gene induced by multiple cytokines.70
There are now 8 members of this family, SOCSs 1 through
7 and CIS, and their expression profiles vary.”!

SOCS proteins form a negative feedback loop whereby
SOCS genes are induced after cytokine stimulation and
inhibit cytokine signaling.”*’* An important feature of
SOCS-mediated regulation is that SOCSs are induced by
a large number of cytokines, and then they can inhibit
multiple pathways, resulting in considerable cross-
talk.”"”* This leads to an intersecting web of inhibition
in which an SOCS is induced by a cytokine and results in
feedback inhibition of the inducing cytokine and crosstalk
inhibition of other cytokines. For example, SOCS-1 has
been shown to be critical for the crosstalk between IL-4
and IFN-vy in vivo.”

It is important to understand how SOCS expression is
induced, what the key structural elements are in SOCS
proteins, and what mechanisms of Jak-STAT inhibition
SOCS proteins demonstrate to understand the role of
SOCS proteins in the inhibition of Jak-STAT.

Induction of SOCS expression

Expression of SOCS proteins is upregulated in response
to many types of cellular activation. Diverse signaling
pathways, including pathogen-associated molecular pat-
terns (eg, CpG and LPS), Ty1 and Ty2 cytokines (IL-4,
IL-13, and IFN-v), and other ILs and growth factors,
induce the expression of SOCS molecules.”"”®”7 Thus
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SOCS-dependent regulation enables environmental fac-
tors, pathogens, and other factors important in innate
immunity, growth, and inflammation to modulate the Jak-
STAT pathway.

Structure of SOCS proteins

All SOCS proteins are characterized by a central SH2
domain flanked by an N-terminal domain of variable
length and a C-terminal SOCS box. The SH2 domain is
required for association with other proteins, such as the
phosphorylated tyrosine residue in the activation loop of
Jak2 in the case of SOCSI, and is essential for the
inhibitory functions of SOCS in those that have been
studied.®®”® Mice expressing a mutant SOCS]1 that lacks
the SOCS box have a similar phenotype to SOCSI1-
deficient mice with premature death, inflammatory infil-
trates, and increased IFN-y responses, indicating that the
SOCS box is also crucial to the inhibitory functions of
SOCS.” The SOCS box is not unique to the SOCS family
of proteins and is present in other proteins that lack the
SH2 domain of SOCS.*’

Mechanisms of Jak-STAT inhibition

Several distinct mechanisms have been described by
which SOCS proteins can inhibit cytokine signaling.
The initial description of SOCS1 was as a Jak-binding
protein.®® SOCS1 binds directly to tyrosine phosphory-
lated Jak2 and inhibits Jak activity.81 SOCS3 also
inhibits Jak activity, but in contrast to SOCSI1, in-
hibition of Jak signaling by SOCS3 requires binding of
SOCS3 to the activated receptor.m’82 Both SOCS1 and
SOCS3 have contained a kinase inhibitor region at the
N-terminus that is essential for Jak inhibition.®>5*
Unlike SOCS1 and SOCS3, CIS inhibits STAT activa-
tion by competing with STATSs for binding to receptor
docking sites. CIS is able to prevent STATS from
associating with cytokine receptors, blocking STAT5
activation,’*%

The conserved SOCS box has been demonstrated in in
vitro models to bind to elongins B and C, which are part of
the E3 ubiquitin ligase complex that ubiqutinates proteins
and targets them for proteasomal degradation.®®®” This
raises the possibility that SOCS proteins might inhibit
signaling by serving as adaptor proteins for the E3
ubiquitin ligase complex, which could then mediate
ubiqutination of SOCS-associated proteins. Indeed, in-
hibitors of proteasomal degradation have been shown to
result in prolonged activation of Jaks and STATs.3%8°
Furthermore, SOCS1 and SOCS3 have been implicated in
the targeting of insulin receptor substrate 1 and insulin
receptor substrate 2 for ubiquitin-mediated degradation,”
and SOCS1 has been implicated in the ubiquitin-de-
pendent degradation of Jak2.%!

An interesting feature of SOCS proteins is that they do
not affect the activation of the Jak-STAT pathway but
rather the deactivation. As a result, prolonged STAT
activation induced by cytokines is observed in the absence
of SOCS proteins. There is some evidence that prolonged
STAT activation might lead to altered responses.’*">
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CIS

CIS was the first of the SOCS family proteins de-
scribed.”” It is induced by many factors, including growth
hormone (GH), leptin, erythropoietin, prolactin, and
several cytokines, and CIS inhibits signaling of erythro-
poietin, IL-2, IL-3, GH, and prolactin.”***® CIS has
redundant roles, as evidenced in the gene-targeted mice,
which lack any phenotypic changes.”” However, trans-
genic mice overexpressing CIS demonstrate a phenotype
similar to that seen in STAT5a '~ and STATSb /™ mice,
supporting the importance of CIS in the regulation of
STAT5.”®

SOCS1

SOCS1 gene-targeted mice are healthy at birth but die
before weaning because of fatty degeneration of the liver,
monocytic infiltration of the organs, and severe loss of T
and B lymphocytes.23’24 Notably, the phenotype observed
in the SOCS1 ™/~ mice is IFN-y dependent and can be
corrected by crossing mice with IFN—'yf/ " mice or by
administering anti-IFN-y antibodies.””'"" The phenotype
can also be rescued by crossing the mice with RAG2-
deficient mice.'®

SOCS2

The SOCS2 knockout mice revealed a critical role for
SOCS2 in GH and insulin-like growth factor signaling.
SOCS2-deficient mice are significantly larger than their
wild-type counterparts because of loss of SOCS2-de-
pendent attenuation of GH sig,’naling.zs‘26 Interestingly,
mice overexpressing SOCS2 are also significantly larger
than wild-type mice,”’ suggesting that SOCS2 might have
a dual role.

SOCS3

Mice deficient in SOCS3 exhibit embryonic lethality,
with erythrocytosis and placental defects.”>° Conditional
SOCS3 gene targeting studies have demonstrated an
important role for SOCS3 in the negative regulation of
IL-6.101.102

The roles of the other SOCS family members, including
SOCS4, SOCSS5, SOCS6, and SOCS7, have not been as
well defined.

PIAS PROTEINS

The PIAS family proteins are a group of 5 STAT-
interacting proteins, PIAS1, PIAS3, PIASy, PIASxa, and
PIASx(3 (PIASxa and PIASx( are identical except for
their COOH—terminus).”B'106 The first member of this
family, PIAS1, was discovered to interact with STAT1 in
a yeast 2-hybrid system screening for STAT-interacting
proteins.106 Other family members were identified on the
basis of sequence homology to PIAS1. The PIAS proteins
are constitutively expressed, and little is known about their
regulation.

The PIAS proteins are evolutionarily conserved from
yeast to humans. With the exception of a variable C-
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terminal domain, the family members are highly homol-
ogous (50%-60% at the amino acid level). Key structural
elements of PIAS members include an LXXLL nuclear
receptor box,'%7 a zinc-binding RING-like domain,'®®
and, in PIAS1, PIAS3, and PIASX, a serine-threonine—rich
region. Interestingly, PIAS structures do not include
known phosphotyrosine-binding domains, despite the
activation-dependent nature of its interaction with STAT.

PIAS1 and PIAS3 proteins interact directly with
STAT1 and STATS3, respectively and inhibit their associ-
ation with DNA.'0+10° Coprecipitation studies have
demonstrated that PIAST1 is associated with STAT1 and
that this association is dependent on the cytokine-de-
pendent tyrosine phosphorylation and dimerization of
STATI1.'® PIASI interacts with STAT1 dimers and
blocks STAT1 DNA-binding and STAT1-dependent gene
induction.'” These PIASI-STAT! interactions are in-
hibited by the arginine methylation (discussed further
below) of STAT1>? and are dependent on the C-terminus
region of PIAS1, which has critical interactions with the
N-terminal region of STATI1. Elimination of this C-
terminal domain in PIAS blocks the inhibitory effect of
PIAS on STATI activity.'® Similarly, PIAS3 binds to
STAT3 homodimers and STAT1-STAT3 heterodimers,
but not STAT1 homodimers, and blocks DNA-binding
activity.'%

In contrast, neither PIASx nor PIASy prevent their
target STATSs from binding DNA and mediate their effects
through distinct mechanisms. PIASx was recently shown
to bind to activated STAT4 complexes after IL-12
stimulation and inhibit STAT4-dependent gene induc-
tion."'® However, PIASx did not block DNA-binding
activity. Interestingly, pharmacologic inhibition of histone
deacetylase abolished PIASx-mediated inhibition of
STAT4-dependent gene induction.''®

Over the past few years, a novel mechanism by which
PIAS proteins might regulate STAT activity has become
evident. Siz1p was identified in a yeast 2-hybrid screen'"’
as a protein that interacted with the small ubiquitin-like
protein modifier (SUMO) 1 and was found to be necessary
for SUMOylation of target proteins analogous to the role
of E3 ubiquitin ligase."'* The RING domain of Sizlp is
similar to the conserved RING-like domain of PIAS
proteins, indicating that PIAS proteins might function as
E3-like SUMO ligases in mammals. Indeed, E3 SUMO
ligase activity has been demonstrated for all PIAS family
members.'"* PIAS] has also been shown to target SUMO
to many proteins, including the androgen receptor p53 and
c-Jun, 14115 SUMOylation is a reversible posttransla-
tional modification involving formation of an isopeptide
bond between the C-terminus of SUMO with an e-amino
of a lysine residue in the target protein, which is usually
embedded in a consensus sequence large hydrophobic
residue-lysine-x-glutamine. SUMOylation has been im-
plicated in the regulation of protein-protein interactions,
protein stability, protein localization, and protein activ-
ity."'®117 Recently, it was shown that STAT1 can by
SUMOylated on Lys703 and that this is promoted by
PIASI, PIAS3, and PIASx."'™"” The role of



J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 3

SUMOylation in the regulation of Jak-STAT is still not
well understood. In addition, the recent association of
STAT6 with a detergent-soluble inhibitor of phosphory-
lated STAT demonstrates that there might be similar
molecules interacting with other STATS that have yet to be
fully defined.'*”

ARGININE METHYLATION

STAT! function is regulated by arginine methylation.33
An arginine residue at the N-terminus of STAT1, Arg31,
is conserved among STAT proteins. Protein arginine
methyltransferase 1 associates with STAT1 and can
methylate STATI1 in vitro. Mutation of Arg31 alters
STATI1-mediated transcriptional activity in response to
IFN-a.. The mechanism for this involves the interaction of
PIAS with STAT1. PIAS1 binds to STAT1 dimers and
prevents STAT1 DNA binding. Arginine methylation of
STATTI inhibits the association of STAT1 with PIAS to
increase STAT1 DNA-binding activity.?* Recently, it was
found that dephosphorylation of STAT1 by TC45 is
regulated by arginine methylation and that this regulation
involves PIASI1."?! Arg31 is a critical residue for the
interaction of STAT1 with both PIAS1 and TC45.
Inhibition of STATI! arginine methylation results in
prolonged tyrosine phosphorylation of STAT1, which is
mediated by increased binding of PIAS1 to STAT1 and
concomitant decreased association of STATI with
TC45."!

Arginine methylation has also recently been shown to
regulate STAT6 function.”® STAT6 is also methylated at
the conserved arginine residue at the N-terminus.
Inhibition of methylation or mutation of the arginine to
alanine results in decreased tyrosine phosphorylation and
diminished DNA-binding activity in response to IL-4
stimulation. This is different from the observation with
STATI that inhibition of methylation results in inhibited
DNA-binding activity but not tyrosine phosphorylation on
IFN-vy stimulation. Further studies indicated that the
reduced tyrosine phosphorylation of STAT6 Arg27Ala
mutant results from the impaired phosphorylation step
rather than the enhanced dephosphorylation step.34

SERINE PHOSPHORYLATION OF STATs

In addition to tyrosine phosphorylation, which is
essential for the activation of STATSs, serine phosphory-
lation has been found to regulate the transcriptional
activity of STATs.'?? Serine phosphorylation was first
reported for STAT1 and STAT3 and mapped to
Ser727.'*"'2° STAT1 and STATS3 serine phosphorylation
is required for maximal transcriptional activity.'** Serine
phosphorylation of STAT1 is independent of the tyrosine
phosphorylation, although serine kinases might recognize
tyrosine phosphorylated STAT]1 preferentially in response
to IFN-\(.127 Serine phosphorylation of STAT1 and
STAT3 can be induced by the combination of IL-12 and
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IL-2."2® Serine phosphorylation of STAT C-termini might
contribute to the specificity of signaling.'*

Studies with gene-targeted mice expressing mutant
S727A STATI indicate that serine phosphorylation of
STAT]1 promotes inflammatory responses. S727A STAT1
mice display reduced survival after bacterial infection
because of an impaired ability to clear the bacteria from
the spleen and liver."*® Furthermore, expression of IFN-
vy—induced genes is significantly reduced in macrophages
expressing the S727A STATI1. Thus STATI1 serine
phosphorylation results in increased STAT1 activity,
contributing to macrophage activation and IFN-y-medi-
ated immune responses.l30 Studies with mice lacking
STAT3 S727 phosphorylation show lethality and de-
creased growth.'?!

Both IL-12 and IFN-a induce serine phosphorylation of
STAT4 at Ser721. STAT4 serine phosphorylation is
important for IL-12—induced IFN-y production during
normal Tyl differentiation.'*>'3* STAT4 serine phos-
phorylation is not required for the DNA binding but might
be necessary for the STAT4-mediated transcription.'**

STAT5a and STATS5b are also serine phosphorylated.
Human STAT5a is phosphorylated at Ser726 and Ser780
(Ser725 and Ser779 for murine STATS5a), whereas the
human STATS5b is phosphorylated at Ser731 (Ser730 for
murine STATSb)."*>'** Ser725 of murine STATSa is
constitutively phosphorylated, whereas the phosphoryla-
tion of Ser730 of murine STATSD is induced by prolactin.
Serine phosphorylation of STATS5a and STATSb is not
required for DNA-binding and transcriptional activa-
tion."*> Murine STAT5a is also constitutively phosphor-
ylated at Ser779, but the S725A mutant of murine
STAT5a has sustained prolactin-induced DNA-binding
activity and tyrosine phosphorylaltion.136 IL-2 induces
serine phosphorylation of both STAT5a and STATSb.
Serine phosphorylation of human STAT5a at Ser780 does
not enhance IL-2 signaling.138 In GH-stimulated cells
murine STATSb is phosphorylated at Ser730, and the
S730A mutant of murine STATS5b has decreased tran-
scriptional activity. 137

STAT6 is phosphorylated at low levels on serine
residues in nonstimulated cells, and IL-4 stimulation
results in increased serine phosphorylation of STATS6,
which involves an H7 (serine-threonine kinase inhibitor)—
insensitive kinase.'*® This serine phosphorylation occurs
independently of tyrosine phosphorylation. STAT6 lacks
the consensus extracellular signal-regulated kinase (ERK)
phosphorylation site (PXSP/PSP) at the C-terminus. The
majority of serine phosphorylation of STAT6 is located at
the C-terminus between amino acids 719 and 789, aregion
containing 4 serine residues conserved in human subjects
and mice."*® A recent study showed that STAT6 is
phosphorylated at Ser756 in the transactivation domain,
which is independent of tyrosine phosphorylation.'*! Both
IL-14 and IL-13 induce STAT6 serine phosphorylation in
PHA-activated human T cells. The phosphorylation of
Ser756 is not essential for the STAT6 nuclear trans-
location or DNA-binding activity in non-T cells, such as
STAT6-transfected HEK293 and COS-7 cells. In addi-
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tion, the serine phosphorylation alone is not sufficient for
the STAT6 DNA-binding activity in the absence of
tyrosine phosphorylation.

Several kinases were identified to phosphorylate
STATS at serine residues.'>>'*>'%¢ Serine phosphoryla-
tion of STATI1 requires activated Jak2.'**> STAT3 is
phosphorylated at Ser727 by protein kinase C8 in response
to IL-6."*’ Serine and tyrosine phosphorylation of STAT3
are independently regulated, and serine phosphorylation
involves ERKs.'** ERKs, but not p38 or c-jun N-terminal
kinase, are involved in STAT3 serine phosphorylation in
epidermal growth factor—stimulated cells, whereas IL-6
induces ERK-independent serine phosphorylation of
STAT3. Serine phosphorylation of STAT3 negatively
regulates its tyrosine phosphorylation.'** Mitogen-acti-
vated protein kinase kinase/p38 is involved in STAT4
serine phosphorylation. 132

In contrast to the serine phosphorylation, very little is
known about serine dephosphorylation. PP2A, SHP-2, or
both has been implicated in the serine dephosphorylation
of STATI, STAT3, and STAT6.*'*>!*7143 PP2A treat-
ment significantly reduces the formation of STAT1 dimers
associated with the IFN-y activation site.'?* Inhibition of
PP2A increases serine phosphorylation of STAT3 and
STAT6."*”-'*8 Inhibition of PP2A also increases serine
phosphorylation of STAT6 and significantly inhibits the
DNA-binding activity of STAT6, whereas the inhibition
of PP1 and PP2B has no such effect. Because inhibition of
PP2A does not affect IL-4—induced tyrosine phosphory-
lation of Jakl and STAT6, PP2A might regulate IL-4
signaling downstream of Jaks.'*® In SHP-2™/~ mouse
fibroblast cells, both tyrosine and serine phosphorylation
of STATI1 in response to IFN-y is enhanced and
sustained.*’

NUCLEAR LOCALIZATION OF STATs

The nuclear import requirements for the STAT proteins
remain to be identified. Nuclear localization occurs both at
the level of nuclear import and nuclear export.'*’ STATs
are translocated into the nucleus in response to cytokine
stimulation to activate gene expression and subsequently
exported back to the cytoplasm. Thus nuclear import and
export are important potential regulatory points. The
nucleus is the site for inactivation of STATI1, and the
dephosphorylation of STAT1 is required for the nuclear
export.'>® The dephosphorylation of STAT! is required
for the nuclear export, and DNA-binding protects STAT1
from dephosphorylation in a sequence-specific manner. ">
Maintenance of STAT6 activity requires ongoing Jak
kinase activity and a continuous cycle of activation,
deactivation, nuclear export, and reactivation.'>> STATS
also undergoes nucleocytoplasmic cycles on erythropoi-
etin stimulation.'® The nuclear export is mediated by the
leucine-rich nuclear export signals (NESs) that consist of
short sequences of hydrophobic amino acids with the
consensus of LX(1-3)LX(2-3)LXL."**"** The NES inter-
acts with chromosome region maintenance—exportin
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1,157 and the interaction can be disrupted by the

antibiotic leptomycin B (LMB).'?%:1%°

Several NES elements of STAT1 have been re-
ported.'®*1% STAT1 contains a leucine-rich NES se-
quence (amino acids 197-205), and Jak1 is required for the
STAT1 nuclear export mediated by this NES. STAT1 is
exclusively located in the cytoplasm in Jakl-deficient
cells, even in the Y710 and S727 phosphorylated
forms.'®® A conserved leucine-rich NES (amino acids
302-314) in the coiled-coil domain of STAT]1 is required
for STATI nuclear export after I[FN-y treatment.'®? A
functional NES of STATT1 is located in the DNA-binding
domain of STAT1 (amino acids 392-413). Dephos-
phorylation of STAT1 and dissociation from DNA results
in the recognition of NES by chromosome region
maintenance—exportin 1 and nuclear export of STAT1.'¢!
A leucine-rich NES (amino acids 400-410) in the STATI
DNA-binding domain contains LMB-sensitive nuclear
export activity. This NES is not important for the nuclear
export of unphosphorylated STAT1, but it is involved in
the nuclear export of tyrosine-phosphorylated STAT1.'®?

Three NES elements were identified in STAT3 (amino
acids 306-318,404-414, and 524-535)."** The first 2 NES
elements are corresponding to the NES in STATI,
whereas the third is novel in STAT3. LMB treatment
blocks the nuclear export of STAT3 in both stimulated and
unstimulated cells, indicating the existence of basal
nuclear export in the absence of tyrosine phosphorylation.
NES 306-318 is involved in nuclear export in stimulated
cells, whereas NES 404-414 and 524-535 are involved in
basal nuclear export. NES 201-210, which has been
shown in nuclear export activity for STATI, does not
have any nuclear export activity for STAT3.'%*

Constitutive nucleocytoplasmic shuttling is present for
STAT3 in unstimulated cells, and it is independent of
tyrosine phosphorylation.'®> Nuclear export of STAT3 is
decreased in response to IL-6, which contributes to the
nuclear accumulation of STAT3. The shuttling of STAT3
is balanced by the nuclear export and import signals. The
C-terminal region of STAT3 (amino acids 321-771)
contains the nuclear export activity, whereas the N-
terminal part (1-320) contains the nuclear localization
signal.165 Both constitutive and IFN-y—induced nucleo-
cytoplasmic shuttling of STATI also exists.'®® In addi-
tion, both LMB-sensitive and LMB-insensitive nuclear
export exists for STAT1 and STAT4.'6%16¢

STAT SIGNALING IN HUMAN ALLERGIC
DISEASE

The Jak-STAT pathways are critical to many homeo-
static processes, including growth, hematopoesis, and
innate and acquired immune responses. Deficiencies and
dysregulation of the Jak-Stat pathway have been impli-
cated in a number of disease states, although complete
defects in the Jak-STAT pathway are uncommon in
human subjects and are associated with severe immune
dysregulation. It has been demonstrated that components
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of the Jak-STAT pathway have significant contributions in
asthma. '’ Markedly increased levels of STAT6, which is
crucial for IL-4 and IL-13 signaling and Ty2 cell
differentiation, were detected in the airways of patients
with asthma.'®®'®” Furthermore, the density of STAT6-
positive cells was found to be higher in atopic than
nonatopic asthmatic individuals. In a recent study of
individuals with severe asthma, STAT6 levels were
increased in the airways and specifically in bronchial
epithelial cells.'® In addition to asthma, alterations in
STAT signaling can lead to other atopic diseases.

Recently, a role for SOCS3 in regulating the onset and
maintenance of allergic disease was reported. A strong
correlation was found between the expression of SOCS3
and the pathology of Ty2-mediated allergic immune
diseases, including atopic dermatitis and asthma.'”® This
is further supported by the finding that SOCS3 transgenic
mice display increased airway hypersensitivity and Ty2
responses.

Genetic studies have also provided a link between
STAT6 and allergic disorders. Linkage between poly-
morphisms of the first exon of STAT6 and atopic diseases
(asthma, food allergy, and atopic dermatitis) has been
described in a Japanese population.'”""'”> These associa-
tions of alterations in Jak-STAT elements with human
atopic diseases support the central nature of these path-
ways for homeostasis.

Human immune deficiency

Dysregulation of the Jak-STAT signaling pathway has
been demonstrated to cause human immunodeficiency.'”?
Severe combined immunodeficiency (SCID) with com-
plete absence of T-cell immunity can be caused by defects
in the common gamma chain (\/c),m’176 its associated
Jak3,""717® or the IL-7 receptor o chain.'”® The ~vc is
involved in Jak-STAT signaling for IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21. Defects in yc lead to loss of Jak-STAT
signaling dependent on these cytokines and results in
SCID with a T-B*NK' phenotype. Mutations in Jak3 lead
to a similar phenotype. Common < chain deficiency is
inherited as an X-linked trait, whereas Jak3 deficiency is
autosomal recessive. Finally, IL-7 receptor defects are also
associated with diminished T-cell development and SCID.
Defective IL-7 signaling is associated with a T-B™NK™
phenotype. The phenotype of IL-7 receptor SCID is
altered from +yc and Jak3 deficiency because of intact
signaling through other yc/Jak3-dependent receptors.

Defects in STAT1 have been shown to be associated
with increased susceptibility to mycobacterial infections,
decreased IFN responses, and increased susceptibility to
viral illnesses.'8*'%!

Jak-STAT PATHWAYS AS TARGETS FOR
THERAPEUTIC INTERVENTION

The Jak-STAT pathway is critical for a variety of
functions in hematopoietic and nonhematopoietic cells
and has been shown in animal and clinical studies to be
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implicated in the development of atopic disorders, in-
cluding atopic dermatitis, allergic rhinitis, and asthma.
Given the considerable redundancy of Jaks and STATSs
and their central importance in diverse cell types and
biologic processes, it is likely more relevant to modulate
Jak-STAT function than to attempt to block it as
therapeutic interventions are developed. Several regula-
tory steps, including SOCS proteins, PIAS proteins, PTPs,
posttranslational modifications, nuclear localization, and
degradation have been identified and are potential sites of
intervention. To effectively target these molecules and the
requisite enzymes and associated proteins, it is critical to
first understand their regulation.

CONCLUSIONS

The multiple levels of regulation along the Jak-STAT
activation cascade underscore the biologic importance of
this pathway. Herein we have reviewed regulatory steps
that act at different points along the cascade (including at
the level of Jak activity), recruitment of STATSs to the
receptor docking sites, tyrosine phosphorylation, serine
phosphorylation, methylation, SUMOylation, dimeriza-
tion, nuclear localization, DNA binding, degradation, de-
phosphorylation, and nuclear export. An overview of these
complex regulatory networks is shown in Fig 3. Although
major advances have been made in our understanding in
this area, many gaps remain, and much work is still needed.

We thank Connie Pettit for secretarial support.

REFERENCES

1. Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcrip-
tional activation in response to IFNs and other extracellular signaling
proteins. Science 1994;264:1415-21.

2. Schindler CW. Series introduction. JAK-STAT signaling in human
disease. J Clin Invest 2002;109:1133-7.

3. Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, Arthur CD,
et al. Disruption of the Jakl gene demonstrates obligatory and non-
redundant roles of the Jaks in cytokine-induced biologic responses. Cell
1998;93:373-83.

4. Neubauer H, Cumano A, Muller M, Wu H, Huffstadt U, Pfeffer K. Jak2
deficiency defines an essential developmental checkpoint in definitive
hematopoiesis. Cell 1998;93:397-409.

5. Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC, Teglund
S, et al. Jak2 is essential for signaling through a variety of cytokine
receptors. Cell 1998;93:385-95.

6. Karaghiosoff M, Neubauer H, Lassnig C, Kovarik P, Schindler H,
Pircher H, et al. Partial impairment of cytokine responses in Tyk2-
deficient mice. Immunity 2000;13:549-60.

7. Shimoda K, Kato K, Aoki K, Matsuda T, Miyamoto A, Shibamori M,
et al. Tyk2 plays a restricted role in IFN alpha signaling, although it is
required for IL-12-mediated T cell function. Immunity 2000;13:561-71.

8. Nosaka T, van Deursen JM, Tripp RA, Thierfelder WE, Witthuhn BA,
McMickle AP, et al. Defective lymphoid development in mice lacking
Jak3. Science 1995;270:800-2.

9. Park SY, Saijo K, Takahashi T, Osawa M, Arase H, Hirayama N, et al.
Developmental defects of lymphoid cells in Jak3 kinase-deficient mice.
Immunity 1995;3:771-82.

10. Thomis DC, Gurniak CB, Tivol E, Sharpe AH, Berg LJ. Defects in B
lymphocyte maturation and T lymphocyte activation in mice lacking
Jak3. Science 1995;270:794-7.

11. Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, Dighe AS,
et al. Targeted disruption of the Statl gene in mice reveals unexpected

]
T 00
cv
O =
;E
-
>
%o
L




e
o
g
c
<
)
o
3
=
®
("]

PUD SM3IAY

486 Chen, Daines, and Khurana Hershey

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

physiologic specificity in the JAK-STAT signaling pathway. Cell 1996,
84:431-42.

. Durbin JE, Hackenmiller R, Simon MC, Levy DE. Targeted disruption

of the mouse Statl gene results in compromised innate immunity to
viral disease. Cell 1996;84:443-50.

. Park C, Li S, Cha E, Schindler C. Immune response in Stat2 knockout

mice. Immunity 2000;13:795-804.

. Takeda K, Noguchi K, Shi W, Tanaka T, Matsumoto M, Yoshida N,

et al. Targeted disruption of the mouse Stat3 gene leads to early
embryonic lethality. Proc Natl Acad Sci U S A 1997;94:3801-4.

. Kaplan MH, Sun YL, Hoey T, Grusby MJ. Impaired IL-12 responses

and enhanced development of Th2 cells in Stat4-deficient mice. Nature
1996;382:174-7.

. Feldman GM, Rosenthal LA, Liu X, Hayes MP, Wynshaw-Boris A,

Leonard WJ, et al. STAT5A-deficient mice demonstrate a defect in
granulocyte-macrophage colony-stimulating factor-induced prolifera-
tion and gene expression. Blood 1997;90:1768-76.

. Park SH, Liu X, Hennighausen L, Davey HW, Waxman DJ. Distinctive

roles of STATS5a and STATS5b in sexual dimorphism of hepatic P450
gene expression. Impact of STATS5a gene disruption. J Biol Chem 1999;
274:7421-30.

. Udy GB, Towers RP, Snell RG, Wilkins RJ, Park SH, Ram PA, et al.

Requirement of STATSb for sexual dimorphism of body growth rates
and liver gene expression. Proc Natl Acad Sci U S A 1997,94:7239-44.

. Imada K, Bloom ET, Nakajima H, Horvath-Arcidiacono JA, Udy GB,

Davey HW, et al. Stat5b is essential for natural killer cell-mediated
proliferation and cytolytic activity. J Exp Med 1998;188:2067-74.
Teglund S, McKay C, Schuetz E, van Deursen JM, Stravopodis D, Wang
D, et al. Stat5a and StatSb proteins have essential and nonessential, or
redundant, roles in cytokine responses. Cell 1998;93:841-50.

Shimoda K, van Deursen J, Sangster MY, Sarawar SR, Carson RT,
Tripp RA, et al. Lack of IL-4-induced Th2 response and IgE class
switching in mice with disrupted Stat6 gene. Nature 1996;380:630-3.
Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura
S, et al. Essential role of Stat6 in IL-4 signalling. Nature 1996;380:
627-30.

Starr R, Metcalf D, Elefanty AG, Brysha M, Willson TA, Nicola NA,
et al. Liver degeneration and lymphoid deficiencies in mice lacking
suppressor of cytokine signaling-1. Proc Natl Acad Sci U S A 1998;95:
14395-9.

Naka T, Matsumoto T, Narazaki M, Fujimoto M, Morita Y, Ohsawa Y,
et al. Accelerated apoptosis of lymphocytes by augmented induction of
Bax in SSI-1 (STAT-induced STAT inhibitor-1) deficient mice. Proc
Natl Acad Sci U S A 1998;95:15577-82.

Metcalf D, Greenhalgh CJ, Viney E, Willson TA, Starr R, Nicola NA,
et al. Gigantism in mice lacking suppressor of cytokine signalling-2.
Nature 2000;405:1069-73.

Greenhalgh CJ, Bertolino P, Asa SL, Metcalf D, Corbin JE, Adams TE,
et al. Growth enhancement in suppressor of cytokine signaling 2
(SOCS-2)-deficient mice is dependent on signal transducer and activator
of transcription 5b (STATSb). Mol Endocrinol 2002;16:1394-406.
Greenhalgh CJ, Metcalf D, Thaus AL, Corbin JE, Uren R, Morgan PO,
et al. Biological evidence that SOCS-2 can act either as an enhancer or
suppressor of growth hormone signaling. J Biol Chem 2002;277:
40181-4.

Marine JC, McKay C, Wang D, Topham DJ, Parganas E, Nakajima H,
et al. SOCS3 is essential in the regulation of fetal liver erythropoiesis.
Cell 1999;98:617-27.

Roberts AW, Robb L, Rakar S, Hartley L, Cluse L, Nicola NA, et al.
Placental defects and embryonic lethality in mice lacking suppressor of
cytokine signaling 3. Proc Natl Acad Sci U S A 2001;98:9324-9.
Takahashi Y, Carpino N, Cross JC, Torres M, Parganas E, Thle JN.
SOCS3: an essential regulator of LIF receptor signaling in trophoblast
giant cell differentiation. EMBO J 2003;22:372-84.

Miyoshi K, Cui Y, Riedlinger G, Robinson P, Lehoczky J, Zon L, et al.
Structure of the mouse Stat 3/5 locus: evolution from Drosophila to
zebrafish to mouse. Genomics 2001;71:150-5.

Leonard WJ, Lin JX. Cytokine receptor signaling pathways. J Allergy
Clin Immunol 2000;105:877-88.

. Mowen KA, Tang J, Zhu W, Schurter BT, Shuai K, Herschman HR,

et al. Arginine methylation of STATI modulates IFNalpha/beta-
induced transcription. Cell 2001;104:731-41.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

S1.

52.

53.

J ALLERGY CLIN IMMUNOL
SEPTEMBER 2004

Chen W, Daines MO, Khurana Hershey GK. Methylation of STAT6
modulates STAT phosphorylation, nuclear translocation, and DNA-
binding activity. J Immunol 2004;172:6744-50.

Murphy TL, Geissal ED, Farrar JD, Murphy KM. Role of the Stat4 N
domain in receptor proximal tyrosine phosphorylation. Mol Cell Biol
2000;20:7121-31.

Andersen JN, Mortensen OH, Peters GH, Drake PG, Iversen LF,
Olsen OH, et al. Structural and evolutionary relationships among
protein tyrosine phosphatase domains. Mol Cell Biol 2001;21:
7117-36.

Haque SJ, Wu Q, Kammer W, Friedrich K, Smith JM, Kerr IM, et al.
Receptor-associated constitutive protein tyrosine phosphatase activity
controls the kinase function of JAK1. Proc Natl Acad Sci U S A 1997,
94:8563-8.

Tsui HW, Siminovitch KA, de Souza L, Tsui FW. Motheaten and viable
motheaten mice have mutations in the haematopoietic cell phosphatase
gene. Nat Genet 1993;4:124-9.

Shultz LD, Schweitzer PA, Rajan TV, Yi T, Ihle JN, Matthews RJ, et al.
Mutations at the murine motheaten locus are within the hematopoietic
cell protein-tyrosine phosphatase (Hcph) gene. Cell 1993;73:1445-54.
David M, Chen HE, Goelz S, Lamer AC, Neel BG. Differential
regulation of the alpha/beta interferon-stimulated Jak/Stat pathway by
the SH2 domain-containing tyrosine phosphatase SHPTP1. Mol Cell
Biol 1995;15:7050-8.

Haque SJ, Harbor P, Tabrizi M, Yi T, Williams BR. Protein-tyrosine
phosphatase Shp-1 is a negative regulator of IL-4- and IL-13-dependent
signal transduction. J Biol Chem 1998;273:33893-6.

Hanson EM, Dickensheets H, Qu CK, Donnelly RP, Keegan AD.
Regulation of the dephosphorylation of Stat6. Participation of Tyr-713
in the interleukin-4 receptor alpha, the tyrosine phosphatase SHP-1, and
the proteasome. J Biol Chem 2003;278:3903-11.

Jiao H, Berrada K, Yang W, Tabrizi M, Platanias LC, Yi T. Direct
association with and dephosphorylation of Jak2 kinase by the
SH2-domain-containing protein tyrosine phosphatase SHP-1. Mol Cell
Biol 1996;16:6985-92.

Bousquet C, Susini C, Melmed S. Inhibitory roles for SHP-1 and
SOCS-3 following pituitary proopiomelanocortin induction by leuke-
mia inhibitory factor. J Clin Invest 1999;104:1277-85.

. Migone TS, Rodig S, Cacalano NA, Berg M, Schreiber RD, Leonard

'WI. Functional cooperation of the interleukin-2 receptor beta chain and
Jak1 in phosphatidylinositol 3-kinase recruitment and phosphorylation.
Mol Cell Biol 1998;18:6416-22.

You M, Zhao Z. Positive effects of SH2 domain-containing tyrosine
phosphatase SHP-1 on epidermal growth factor- and interferon-gam-
ma-stimulated activation of STAT transcription factors in HeLa cells. J
Biol Chem 1997;272:23376-81.

Haque SJ, Flati V, Deb A, Williams BR. Roles of protein-tyrosine
phosphatases in Stat] alpha-mediated cell signaling. J Biol Chem 1995;
270:25709-14.

You M, Yu DH, Feng GS. Shp-2 tyrosine phosphatase functions as
a negative regulator of the interferon-stimulated Jak/STAT pathway.
Mol Cell Biol 1999;19:2416-24.

Wu TR, Hong YK, Wang XD, Ling MY, Dragoi AM, Chung AS, et al.
SHP-2 is a dual-specificity phosphatase involved in Statl dephosphor-
ylation at both tyrosine and serine residues in nuclei. J Biol Chem 2002;
277:47572-80.

Yu CL, Jin YJ, Burakoff SJ. Cytosolic tyrosine dephosphorylation of
STATS. Potential role of SHP-2 in STATS5 regulation. J Biol Chem
2000;275:599-604.

Chen Y, Wen R, Yang S, Schuman J, Zhang EE, Yi T, et al
Identification of Shp-2 as a Stat5A phosphatase. J Biol Chem 2003;
278:16520-7.

Chughtai N, Schimchowitsch S, Lebrun JJ, Ali S. Prolactin induces
SHP-2 association with Stat5, nuclear translocation, and binding to the
beta-casein gene promoter in mammary cells. J Biol Chem 2002;277:
31107-14.

Brockdorff JL. SHP2 refulates IL-2 induced MAPK activation, but not
Stat3 or Stat5 tyrosine phosphorylation, in cutaneous T cell lymphoma
cells. Cytokine 2002;20:141-7.

. Ali S, Nouhi Z, Chughtai N. SHP-2 regulates SOCS-1-mediated Janus

kinase-2 ubiquitination/degradation downstream of the prolactin re-
ceptor. J Biol Chem 2003;278:52021-31.



J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 3

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Aoki N, Matsuda T. A cytosolic protein-tyrosine phosphatase PTP1B
specifically dephosphorylates and deactivates prolactin-activated STA-
T5a and STATSb. J Biol Chem 2000;275:39718-26.

Myers MP, Andersen JN, Cheng A, Tremblay ML, Horvath CM,
Parisien JP, et al. TYK2 and JAK2 are substrates of protein-tyrosine
phosphatase 1B. J Biol Chem 2001;276:47771-4.

Gu F, Dube N, Kim JW, Cheng A, Ibarra-Sanchez Mde J, Tremblay
ML, et al. Protein tyrosine phosphatase 1B attenuates growth hormo-
ne-mediated JAK2-STAT signaling. Mol Cell Biol 2003;23:3753-62.
Yamamoto T, Sekine Y, Kashima K, Kubota A, Sato N, Aoki N, et al.
The nuclear isoform of protein-tyrosine phosphatase TC-PTP regulates
interleukin-6-mediated signaling pathway through STAT3 dephosphor-
ylation. Biochem Biophys Res Commun 2002;297:811-7.

ten Hoeve J, de Jesus Ibarra-Sanchez M, Fu Y, Zhu W, Tremblay M,
David M, et al. Identification of a nuclear Statl protein tyrosine
phosphatase. Mol Cell Biol 2002;22:5662-8.

Irie-Sasaki J, Sasaki T, Matsumoto W, Opavsky A, Cheng M, Welstead
G, et al. CD45 is a JAK phosphatase and negatively regulates cytokine
receptor signalling. Nature 2001;409:349-54.

Yamada T, Zhu D, Saxon A, Zhang K. CD45 controls interleukin-4-me-
diated IgE class switch recombination in human B cells through its
function as a Janus kinase phosphatase. J Biol Chem 2002;277:28830-5.
Tanuma N, Nakamura K, Shima H, Kikuchi K. Protein-tyrosine
phosphatase PTPepsilon C inhibits Jak-STAT signaling and
differentiation induced by interleukin-6 and leukemia inhibitory factor
in M1 leukemia cells. J Biol Chem 2000;275:28216-21.

Tanuma N, Shima H, Nakamura K, Kikuchi K. Protein tyrosine
phosphatase epsilonC selectively inhibits interleukin-6- and inter-
leukin-10-induced JAK-STAT signaling. Blood 2001;98:3030-4.
Venema RC, Venema VJ, Eaton DC, Marrero MB. Angiotensin
II-induced tyrosine phosphorylation of signal transducers and activators
of transcription 1 is regulated by Janus-activated kinase 2 and Fyn
kinases and mitogen-activated protein kinase phosphatase 1. J Biol
Chem 1998;273:30795-800.

Liang H, Venema VJ, Wang X, Ju H, Venema RC, Marrero MB.
Regulation of angiotensin II-induced phosphorylation of STAT3 in
vascular smooth muscle cells. J Biol Chem 1999;274:19846-51.
Rigacci S, Talini D, Berti A. LMW-PTP associates and dephosphor-
ylates STATS interacting with its C-terminal domain. Biochem Biophys
Res Commun 2003;312:360-6.

Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ,
et al. A family of cytokine-inducible inhibitors of signalling. Nature
1997;387:917-21.

Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K,
et al. A new protein containing an SH2 domain that inhibits JAK
kinases. Nature 1997;387:921-4.

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A,
et al. Structure and function of a new STAT-induced STAT inhibitor.
Nature 1997;387:924-9.

Yoshimura A, Ohkubo T, Kiguchi T, Jenkins NA, Gilbert DJ, Copeland
NG, et al. A novel cytokine-inducible gene CIS encodes an SH2-con-
taining protein that binds to tyrosine-phosphorylated interleukin 3 and
erythropoietin receptors. EMBO J 1995;14:2816-26.

Greenhalgh CJ, Hilton DJ. Negative regulation of cytokine signaling. J
Leukoc Biol 2001;70:348-56.

Chen XP, Losman JA, Rothman P. SOCS proteins, regulators of
intracellular signaling. Immunity 2000;13:287-90.

Venkataraman C, Leung S, Salvekar A, Mano H, Schindler U.
Repression of IL-4-induced gene expression by IFN-gamma requires
Stat1 activation. J Immunol 1999;162:4053-61.

Losman JA, Chen XP, Hilton D, Rothman P. Cutting edge: SOCS-1 is a
potent inhibitor of IL-4 signal transduction. J Immunol 1999;162:3770-4.
Naka T, Tsutsui H, Fujimoto M, Kawazoe Y, Kohzaki H, Morita Y,
et al. SOCS-1/SSI-1-deficient NKT cells participate in severe hepatitis
through dysregulated cross-talk inhibition of IFN-gamma and IL-4
signaling in vivo. Immunity 2001;14:535-45.

Dalpke AH, Opper S, Zimmermann S, Heeg K. Suppressors of cytokine
signaling (SOCS)-1 and SOCS-3 are induced by CpG-DNA and
modulate cytokine responses in APCs. J Immunol 2001;166:7082-9.
Stoiber D, Kovarik P, Cohney S, Johnston JA, Steinlein P, Decker T.
Lipopolysaccharide induces in macrophages the synthesis of the
suppressor of cytokine signaling 3 and suppresses signal transduction

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Chen, Daines, and Khurana Hershey 487

in response to the activating factor IFN-gamma. J Immunol 1999;163:
2640-7.

Nicholson SE, Willson TA, Farley A, Starr R, Zhang JG, Baca M, et al.
Mutational analyses of the SOCS proteins suggest a dual domain
requirement but distinct mechanisms for inhibition of LIF and IL-6
signal transduction. EMBO J 1999;18:375-85.

Zhang JG, Metcalf D, Rakar S, Asimakis M, Greenhalgh CJ, Willson
TA, et al. The SOCS box of suppressor of cytokine signaling-1 is
important for inhibition of cytokine action in vivo. Proc Natl Acad Sci
U S A 2001;98:13261-5.

Hilton DJ, Richardson RT, Alexander WS, Viney EM, Willson TA,
Sprigg NS, et al. Twenty proteins containing a C-terminal SOCS box
form five structural classes. Proc Natl Acad Sci U S A 1998;95:114-9.
Giordanetto F, Kroemer RT. A three-dimensional model of suppressor
of cytokine signalling 1 (SOCS-1). Protein Eng 2003;16:115-24.
Sasaki A, Yasukawa H, Shouda T, Kitamura T, Dikic I, Yoshimura A.
CIS3/SOCS-3 suppresses erythropoietin (EPO) signaling by binding the
EPO receptor and JAK2. J Biol Chem 2000;275:29338-47.

Sasaki A, Yasukawa H, Suzuki A, Kamizono S, Syoda T, Kinjyo I,
et al. Cytokine-inducible SH2 protein-3 (CIS3/SOCS3) inhibits Janus
tyrosine kinase by binding through the N-terminal kinase inhibitory
region as well as SH2 domain. Genes Cells 1999;4:339-51.
Yasukawa H, Misawa H, Sakamoto H, Masuhara M, Sasaki A,
Wakioka T, et al. The JAK-binding protein JAB inhibits Janus tyrosine
kinase activity through binding in the activation loop. EMBO J 1999;
18:1309-20.

Ram PA, Waxman DJ. SOCS/CIS protein inhibition of growth
hormone-stimulated STATS signaling by multiple mechanisms. J Biol
Chem 1999;274:35553-61.

Zhang JG, Farley A, Nicholson SE, Willson TA, Zugaro LM, Simpson
RJ, et al. The conserved SOCS box motif in suppressors of cytokine
signaling binds to elongins B and C and may couple bound proteins to
proteasomal degradation. Proc Natl Acad Sci U S A 1999;96:2071-6.
Kamura T, Sato S, Haque D, Liu L, Kaelin WG Jr, Conaway RC, et al.
The elongin BC complex interacts with the conserved SOCS-box motif
present in members of the SOCS, ras, WD-40 repeat, and ankyrin repeat
families. Genes Dev 1998;12:3872-81.

Yu CL, Burakoff SJ. Involvement of proteasomes in regulating
Jak-STAT pathways upon interleukin-2 stimulation. J Biol Chem
1997;272:14017-20.

Verdier F, Chretien S, Muller O, Varlet P, Yoshimura A, Gisselbrecht S,
et al. Proteasomes regulate erythropoietin receptor and signal transducer
and activator of transcription 5 (STATS) activation. Possible involve-
ment of the ubiquitinated Cis protein. J Biol Chem 1998;273:28185-90.
Rui L, Yuan M, Frantz D, Shoelson S, White MF. SOCS-1 and SOCS-3
block insulin signaling by ubiquitin-mediated degradation of IRS1 and
IRS2. J Biol Chem 2002;277:42394-8.

Ungureanu D, Saharinen P, Junttila I, Hilton DJ, Silvennoinen O.
Regulation of Jak2 through the ubiquitin-proteasome pathway involves
phosphorylation of Jak2 on Y1007 and interaction with SOCS-1. Mol
Cell Biol 2002;22:3316-26.

Brysha M, Zhang JG, Bertolino P, Corbin JE, Alexander WS, Nicola
NA, et al. Suppressor of cytokine signaling-1 attenuates the duration of
interferon gamma signal transduction in vitro and in vivo. J Biol Chem
2001;276:22086-9.

Shuai K, Liu B. Regulation of JAK-STAT signalling in the immune
system. Nat Rev Immunol 2003;3:900-11.

Aman MJ, Migone TS, Sasaki A, Ascherman DP, Zhu M, Soldaini E,
et al. CIS associates with the interleukin-2 receptor beta chain and
inhibits interleukin-2-dependent signaling. J Biol Chem 1999;274:
30266-72.

Ram PA, Waxman DJ. Role of the cytokine-inducible SH2 protein CIS
in desensitization of STATSb signaling by continuous growth hormone.
J Biol Chem 2000;275:39487-96.

Tomic S, Chughtai N, Ali S. SOCS-1, -2, -3: selective targets and
functions downstream of the prolactin receptor. Mol Cell Endocrinol
1999;158:45-54.

Alexander WS, Hilton DJ. The role of suppressors of cytokine signaling
(SOCS) proteins in regulation of the immune response. Annu Rev
Immunol 2004;22:503-29.

Matsumoto A, Seki Y, Kubo M, Ohtsuka S, Suzuki A, Hayashi I, et al.
Suppression of STATS5 functions in liver, mammary glands, and T cells

]
T 00
cv
O =
;E
-
>
%o
L




e
o
g
c
<
)
o
3
=
®
("]

PUD SM3IAY

488 Chen, Daines, and Khurana Hershey

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

in cytokine-inducible SH2-containing protein 1 transgenic mice. Mol
Cell Biol 1999;19:6396-407.

Alexander WS, Starr R, Fenner JE, Scott CL, Handman E, Sprigg NS,
et al. SOCS1 is a critical inhibitor of interferon gamma signaling and
prevents the potentially fatal neonatal actions of this cytokine. Cell
1999;98:597-608.

Marine JC, Topham DJ, McKay C, Wang D, Parganas E, Stravopodis
D, et al. SOCS1 deficiency causes a lymphocyte-dependent perinatal
lethality. Cell 1999;98:609-16.

Yasukawa H, Ohishi M, Mori H, Murakami M, Chinen T, Aki D, et al.
IL-6 induces an anti-inflammatory response in the absence of SOCS3 in
macrophages. Nat Immunol 2003;4:551-6.

Croker BA, Krebs DL, Zhang JG, Wormald S, Willson TA, Stanley EG,
et al. SOCS3 negatively regulates IL-6 signaling in vivo. Nat Immunol
2003;4:540-5.

Shuai K. Modulation of STAT signaling by STAT-interacting proteins.
Oncogene 2000;19:2638-44.

Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, et al. Specific inhibition
of Stat3 signal transduction by PIAS3. Science 1997;278:1803-5.
Shuai K. The STAT family of proteins in cytokine signaling. Prog
Biophys Mol Biol 1999;71:405-22.

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 U S A 1998;95:10626-31.

Liu B, Gross M, ten Hoeve J, Shuai K. A transcriptional corepressor
of Statl with an essential LXXLL signature motif. Proc Natl Acad Sci
U S A 2001;98:3203-7.

Hochstrasser M. SP-RING for SUMO: new functions bloom for
a ubiquitin-like protein. Cell 2001;107:5-8.

Liao J, Fu Y, Shuai K. Distinct roles of the NH2- and COOH-terminal
domains of the protein inhibitor of activated signal transducer and
activator of transcription (STAT) 1 (PIAS1) in cytokine-induced
PIAS1-Statl interaction. Proc Natl Acad Sci U S A 2000;97:5267-72.
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.

Takahashi Y, Toh-e A, Kikuchi Y. A novel factor required for the
SUMO1/Smt3 conjugation of yeast septins. Gene 2001;275:223-31.
Johnson ES, Gupta AA. An E3-like factor that promotes SUMO
conjugation to the yeast septins. Cell 2001;106:735-44.

Wormald S, Hilton DJ. Inhibitors of cytokine signal transduction. J Biol
Chem 2004;279:821-4.

Schmidt D, Muller S. Members of the PIAS family act as SUMO ligases
for c-Jun and p53 and repress p53 activity. Proc Natl Acad Sci U S A
2002;99:2872-7.

Nishida T, Yasuda H. PIAS1 and PIASxalpha function as SUMO-E3
ligases toward androgen receptor and repress androgen receptor-de-
pendent transcription. J Biol Chem 2002;277:41311-7.

Kotaja N, Karvonen U, Janne OA, Palvimo JJ. PIAS proteins modulate
transcription factors by functioning as SUMO-1 ligases. Mol Cell Biol
2002;22:5222-34.

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

Rogers RS, Horvath CM, Matunis MJ. SUMO modification of STAT1
and its role in PIAS-mediated inhibition of gene activation. J Biol Chem
2003;278:30091-7.

Ungureanu D, Vanhatupa S, Kotaja N, Yang J, Aittomaki S, Janne OA,
et al. PIAS proteins promote SUMO-1 conjugation to STAT1. Blood
2003;102:3311-3.

Daines MO, Andrews RP, Chen W, El-Zayaty SA, Hershey GK. DNA
binding activity of cytoplasmic phosphorylated Stat6 is masked by an inter-
action with a detergent-sensitive factor. J Biol Chem 2003;278:30971-4.
Zhu W, Mustelin T, David M. Arginine methylation of STATI
regulates its dephosphorylation by T cell protein tyrosine phosphatase.
J Biol Chem 2002;277:35787-90.

Decker T, Kovarik P. Serine phosphorylation of STATs. Oncogene
2000;19:2628-37.

Eilers A, Georgellis D, Klose B, Schindler C, Ziemiecki A, Harpur AG,
et al. Differentiation-regulated serine phosphorylation of STAT1 pro-
motes GAF activation in macrophages. Mol Cell Biol 1995;15:3579-86.
Wen W, Meinkoth JL, Tsien RY, Taylor SS. Identification of a signal
for rapid export of proteins from the nucleus. Cell 1995;82:463-73.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

J ALLERGY CLIN IMMUNOL
SEPTEMBER 2004

Zhang X, Blenis J, Li HC, Schindler C, Chen-Kiang S. Requirement of
serine phosphorylation for formation of STAT-promoter complexes.
Science 1995;267:1990-4.

Wen Z, Darnell JE Jr. Mapping of Stat3 serine phosphorylation to
a single residue (727) and evidence that serine phosphorylation has no
influence on DNA binding of Statl and Stat3. Nucleic Acids Res 1997;
25:2062-7.

Kovarik P, Stoiber D, Novy M, Decker T. Statl combines signals
derived from IFN-gamma and LPS receptors during macrophage
activation. EMBO J 1998;17:3660-8.

Gollob JA, Schnipper CP, Murphy EA, Ritz J, Frank DA. The
functional synergy between IL-12 and IL-2 involves p38 mitogen-
activated protein kinase and is associated with the augmentation of
STAT serine phosphorylation. J Immunol 1999;162:4472-81.

Kovarik P, Mangold M, Ramsauer K, Heidari H, Steinborn R, Zotter A,
et al. Specificity of signaling by STATI depends on SH2 and
C-terminal domains that regulate Ser727 phosphorylation, differen-
tially affecting specific target gene expression. EMBO J 2001;20:
91-100.

Varinou L, Ramsauer K, Karaghiosoff M, Kolbe T, Pfeffer K, Muller
M, et al. Phosphorylation of the Statl transactivation domain is required
for full-fledged IFN-gamma-dependent innate immunity. Immunity
2003;19:793-802.

Shen Y, Schlessinger K, Zhu X, Meffre E, Quimby F, Levy DE, et al.
Essential role of STAT3 in postnatal survival and growth revealed by
mice lacking STAT3 serine 727 phosphorylation. Mol Cell Biol 2004;
24:407-19.

Visconti R, Gadina M, Chiariello M, Chen EH, Stancato LF, Gutkind
JS, et al. Importance of the MKK6/p38 pathway for interleukin-12-
induced STAT4 serine phosphorylation and transcriptional activity.
Blood 2000;96:1844-52.

Morinobu A, Gadina M, Strober W, Visconti R, Fornace A, Montagna
C, et al. STAT4 serine phosphorylation is critical for IL-12-induced
IFN-gamma production but not for cell proliferation. Proc Natl Acad
Sci U S A 2002;99:12281-6.

Cho SS, Bacon CM, Sudarshan C, Rees RC, Finbloom D, Pine R, et al.
Activation of STAT4 by IL-12 and IFN-alpha: evidence for the
involvement of ligand-induced tyrosine and serine phosphorylation.
J Immunol 1996;157:4781-9.

Yamashita H, Xu J, Erwin RA, Farrar WL, Kirken RA, Rui H.
Differential control of the phosphorylation state of proline-juxtaposed
serine residues Ser725 of Stat5a and Ser730 of Stat5b in prolactin-sen-
sitive cells. J Biol Chem 1998;273:30218-24.

Beuvink I, Hess D, Flotow H, Hofsteenge J, Groner B, Hynes NE.
Stat5a serine phosphorylation. Serine 779 is constitutively phosphory-
lated in the mammary gland, and serine 725 phosphorylation influences
prolactin-stimulated in vitro DNA binding activity. J Biol Chem 2000;
275:10247-55.

Park SH, Yamashita H, Rui H, Waxman DJ. Serine phosphorylation
of GH-activated signal transducer and activator of transcription 5a
(STAT5a) and STATSb: impact on STATS transcriptional activity. Mol
Endocrinol 2001;15:2157-71.

Xue HH, Fink DW Jr, Zhang X, Qin J, Turck CW, Leonard WJ. Serine
phosphorylation of Stat5 proteins in lymphocytes stimulated with IL-2.
Int Immunol 2002;14:1263-71.

Pesu M, Takaluoma K, Aittomaki S, Lagerstedt A, Saksela K, Kovanen
PE, et al. Interleukin-4-induced transcriptional activation by stat6
involves multiple serine/threonine kinase pathways and serine phos-
phorylation of stat6. Blood 2000;95:494-502.

Wick KR, Berton MT. IL-4 induces serine phosphorylation of the
STATS6 transactivation domain in B lymphocytes. Mol Immunol 2000;
37:641-52.

Wang Y, Malabarba MG, Nagy ZS, Kirken RA. Interleukin 4 regulates
phosphorylation of serine 756 in the transactivation domain of Stat6.
Roles for multiple phosphorylation sites and Stat6 function. J Biol
Chem 2004;279:25196-203.

Zhu X, Wen Z, Xu LZ, Darnell JE Jr. Statl serine phosphorylation
occurs independently of tyrosine phosphorylation and requires an
activated Jak2 kinase. Mol Cell Biol 1997;17:6618-23.

Ng J, Cantrell D. STAT3 is a serine kinase target in T lymphocytes.
Interleukin 2 and T cell antigen receptor signals converge upon serine
727. J Biol Chem 1997;272:24542-9.



J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 3

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Chung J, Uchida E, Grammer TC, Blenis J. STAT3 serine phosphor-
ylation by ERK-dependent and -independent pathways negatively modu-
lates its tyrosine phosphorylation. Mol Cell Biol 1997;17:6508-16.
Jain N, Zhang T, Kee WH, Li W, Cao X. Protein kinase C delta
associates with and phosphorylates Stat3 in an interleukin-6-dependent
manner. J Biol Chem 1999;274:24392-400.

Ramsauer K, Sadzak I, Porras A, Pilz A, Nebreda AR, Decker T, et al.
p38 MAPK enhances STAT1-dependent transcription independently of
Ser-727 phosphorylation. Proc Natl Acad Sci U S A 2002;99:12859-64.
Woetmann A, Nielsen M, Christensen ST, Brockdorff J, Kaltoft K,
Engel AM, et al. Inhibition of protein phosphatase 2A induces
serine/threonine phosphorylation, subcellular redistribution, and func-
tional inhibition of STAT3. Proc Natl Acad Sci U S A 1999;96:
10620-5.

Woetmann A, Brockdorff J, Lovato P, Nielsen M, Leick V, Rieneck K,
et al. Protein phosphatase 2A (PP2A) regulates interleukin-4-mediated
STAT®G signaling. J Biol Chem 2003;278:2787-91.

Ullman KS, Powers MA, Forbes DJ. Nuclear export receptors: from
importin to exportin. Cell 1997;90:967-70.

Haspel RL, Darnell JE Jr. A nuclear protein tyrosine phosphatase is
required for the inactivation of Statl. Proc Natl Acad Sci U S A 1999;
96:10188-93.

Meyer T, Marg A, Lemke P, Wiesner B, Vinkemeier U. DNA binding
controls inactivation and nuclear accumulation of the transcription
factor Statl. Genes Dev 2003;17:1992-2005.

Andrews RP, Ericksen MB, Cunningham CM, Daines MO, Hershey
GK. Analysis of the Life Cycle of Stat6. Continuous cycling of STAT6
is required for IL-4 signaling. J Biol Chem 2002;277:36563-9.
Swameye [, Muller TG, Timmer J, Sandra O, Klingmuller U.
Identification of nucleocytoplasmic cycling as a remote sensor in
cellular signaling by databased modeling. Proc Natl Acad Sci U S A
2003;100:1028-33.

Fischer U, Huber J, Boelens WC, Mattaj IW, Luhrmann R. The
HIV-1 Rev activation domain is a nuclear export signal that accesses
an export pathway used by specific cellular RNAs. Cell 1995;82:
475-83.

Wen Z, Zhong Z, Darnell JE Jr. Maximal activation of transcription by
Stat] and Stat3 requires both tyrosine and serine phosphorylation. Cell
1995;82:241-50.

Fornerod M, Ohno M, Yoshida M, Mattaj IW. CRMI is an export
receptor for leucine-rich nuclear export signals. Cell 1997;90:1051-60.
Stade K, Ford CS, Guthrie C, Weis K. Exportin 1 (Crmlp) is an
essential nuclear export factor. Cell 1997;90:1041-50.

Wolff B, Sanglier JJ, Wang Y. Leptomycin B is an inhibitor of nuclear
export: inhibition of nucleo-cytoplasmic translocation of the human
immunodeficiency virus type 1(HIV-1) Rev protein and Rev-dependent
mRNA. Chem Biol 1997;4:139-47.

Kudo N, Wolff B, Sekimoto T, Schreiner EP, Yoneda Y, Yanagida M,
et al. Leptomycin B inhibition of signal-mediated nuclear export by
direct binding to CRMI1. Exp Cell Res 1998;242:540-7.

Mowen K, David M. Regulation of STAT1 nuclear export by Jak1. Mol
Cell Biol 2000;20:7273-81.

McBride KM, McDonald C, Reich NC. Nuclear export signal located
within the DNA-binding domain of the STATltranscription factor.
EMBO J 2000;19:6196-206.

Begitt A, Meyer T, van Rossum M, Vinkemeier U. Nucleocytoplasmic
translocation of Statl is regulated by a leucine-rich export signal in the
coiled-coil domain. Proc Natl Acad Sci U S A 2000;97:10418-23.
Meyer T, Begitt A, Lodige I, van Rossum M, Vinkemeier U.
Constitutive and IFN-gamma-induced nuclear import of STAT1 pro-
ceed through independent pathways. EMBO J 2002;21:344-54.

164.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Chen, Daines, and Khurana Hershey 489

Bhattacharya S, Schindler C. Regulation of Stat3 nuclear export. J Clin
Invest 2003;111:553-9.

5. Pranada AL, Metz S, Herrmann A, Heinrich PC, Muller-Newen G. Real

time analysis of STAT3 nucleocytoplasmic shuttling. J Biol Chem
2004;279:15114-23.

Toyoda H, Ido M, Hayashi T, Gabazza EC, Suzuki K, Bu J, et al.
Impairment of IL-12-dependent STAT4 nuclear translocation in
a patient with recurrent Mycobacterium avium infection. J Immunol
2004;172:3905-12.

Pernis AB, Rothman PB. JAK-STAT signaling in asthma. J Clin Invest
2002;109:1279-83.

Christodoulopoulos P, Cameron L, Nakamura Y, Lemiere C, Muro S,
Dugas M, et al. TH2 cytokine-associated transcription factors in atopic
and nonatopic asthma: evidence for differential signal transducer and
activator of transcription 6 expression. J Allergy Clin Immunol 2001;
107:586-91.

Mullings RE, Wilson SJ, Puddicombe SM, Lordan JL, Bucchieri F,
Djukanovic R, et al. Signal transducer and activator of transcription 6
(STAT-6) expression and function in asthmatic bronchial epithelium.
J Allergy Clin Immunol 2001;108:832-8.

Seki Y, Inoue H, Nagata N, Hayashi K, Fukuyama S, Matsumoto K,
et al. SOCS-3 regulates onset and maintenance of T(H)2-mediated
allergic responses. Nat Med 2003;9:1047-54.

Tamura K, Suzuki M, Arakawa H, Tokuyama K, Morikawa A. Linkage
and association studies of STAT6 gene polymorphisms and allergic
diseases. Int Arch Allergy Immunol 2003;131:33-8.

Tamura K, Arakawa H, Suzuki M, Kobayashi Y, Mochizuki H, Kato M,
et al. Novel dinucleotide repeat polymorphism in the first exon of the
STAT-6 gene is associated with allergic diseases. Clin Exp Allergy
2001;31:1509-14.

Buckley RH, Schiff RI, Schiff SE, Markert ML, Williams LW, Harville
TO, et al. Human severe combined immunodeficiency: genetic,
phenotypic, and functional diversity in one hundred eight infants.
J Pediatr 1997;130:378-87.

Puck JM, Deschenes SM, Porter JC, Dutra AS, Brown CJ, Willard HF,
et al. The interleukin-2 receptor gamma chain maps to Xql3.1 and is
mutated in X-linked severe combined immunodeficiency, SCIDXI.
Hum Mol Genet 1993;2:1099-104.

Puck JM, Pepper AE, Henthorn PS, Candotti F, Isakov J, Whitwam T,
et al. Mutation analysis of IL2RG in human X-linked severe combined
immunodeficiency. Blood 1997;89:1968-77.

Noguchi M, Yi H, Rosenblatt HM, Filipovich AH, Adelstein S, Modi
WS, et al. Interleukin-2 receptor gamma chain mutation results in
X-linked severe combined immunodeficiency in humans. Cell 1993;73:
147-57.

Roberts JL, Lengi A, Brown SM, Chen M, Zhou YJ, O’Shea JJ, et al.
Janus kinase 3 (JAK3) deficiency: clinical, immunologic, and molecular
analyses of 10 patients and outcomes of stem cell transplantation. Blood
2004;103:2009-18.

Russell SM, Tayebi N, Nakajima H, Riedy MC, Roberts JL, Aman MJ,
et al. Mutation of Jak3 in a patient with SCID: essential role of Jak3 in
lymphoid development. Science 1995;270:797-800.

Puel A, Ziegler SF, Buckley RH, Leonard WIJ. Defective IL7R
expression in T(-)B(+)NK(+) severe combined immunodeficiency.
Nat Genet 1998;20:394-7.

Dupuis S, Dargemont C, Fieschi C, Thomassin N, Rosenzweig S, Harris
J, et al. Impairment of mycobacterial but not viral immunity by
a germline human STAT1 mutation. Science 2001;293:300-3.

Dupuis S, Jouanguy E, Al-Hajjar S, Fieschi C, Al-Mohsen IZ, Al-Jumaah
S, etal. Impaired response to interferon-alpha/beta and lethal viral disease
in human STAT]I deficiency. Nat Genet 2003;33:388-91.

]
T 00
cv
O =
;E
-
>
%o
L




	Turning off signal transducer and activator of transcription (STAT): The negative regulation of STAT signaling
	OVERVIEW OF JAK AND STAT PROTEINS
	REGULATION OF STAT SIGNALING
	TYROSINE PHOSPHATASES
	Protein tyrosine phosphatase family
	SHP1
	SHP2
	PTP1B
	TC-PTP
	CD45
	PTP C

	Dual-specificity phosphatases
	LMW-PTP


	SUPPRESSOR OF CYTOKINE SIGNALING
	Induction of SOCS expression
	Structure of SOCS proteins
	Mechanisms of Jak-STAT inhibition
	CIS
	SOCS1
	SOCS2
	SOCS3
	PIAS PROTEINS


	ARGININE METHYLATION
	SERINE PHOSPHORYLATION OF STATs
	NUCLEAR LOCALIZATION OF STATs
	STAT SIGNALING IN HUMAN ALLERGIC DISEASE
	Human immune deficiency

	Jak-STAT PATHWAYS AS TARGETS FOR THERAPEUTIC INTERVENTION
	CONCLUSIONS
	REFERENCES


