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Signaling by Type | and Il cytokine receptors: ten years after
Massimo Gadina*, Douglas HiltonT, James A Johnston?*, Akio Morinobu*,
Arash Lighvani*, Yong-Jie Zhou*, Roberta Visconti* and John J O’Shea*$

Discovered during the past ten years, Janus kinases and signal
transducers and activators of transcription have emerged as
critical elements in cytokine signaling and immunoregulation.
Recently, knockout mice for all the members of these families
have been generated, with remarkably specific outcomes.
Equally exciting is the discovery of a new class of inhibitors, the
suppressor of cytokine signaling family. The phenotypes of mice
deficient in these molecules are also striking, underscoring the
importance of negative regulation in cytokine signaling.
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Abbreviations
CIS cytokine-inducible SH2-domain-containing protein
Epo erythropoietin

FERM  band 4.1 ezrin, radixin and moesin
FGF fibroblast growth factor

GH growth hormone

IL-2RB  IL-2 receptor B

Jak Janus kinase

JH Janus-homology domain

KIR kinase-inhibitory region

LIF leukemia inhibitory factor

PI3'-K  phosphatidylinositol 3' kinase

PIAS protein inhibitor of activated Stats

Prl prolactin

SCID  severe combined immunodeficiency

SH3 Src-homology 3

SHP-2 SH2-domain-containing protein tyrosine phosphatase 2
SOCS1 suppressor of cytokine signaling 1

SSi1 Stat-induced Stat inhibitor 1

Stat signal transducer and activator of transcription

Introduction

Cytokines that bind Type I and Type II receptor families
are a diverse group of secreted factors involved in
embryogenesis, growth, adiposity, fertility, lactation,
hematopoiesis, immunoregulation and host defense. The
understanding of the positive and negative signaling
elements used by these two families has exploded over
the past ten years. Consequently, a number of compre-
hensive reviews have been written on this subject [1-6];
the present review will emphasize recent immunologically
relevant findings.

Table 1

Usage of Jaks and Stats by various cytokines.

Cytokines Signaling molecules*

Type |
Cytokines utilizing yc

IL-2, IL-7, IL-9, IL-15 Jak1, Jak3 Stat5
IL-4 Jakl, Jak3 Stat6
Cytokines utilizing Bc
GM-CSF, IL-3, IL-5 Jak2 Stat5
Cytokines utilizing gp130
IL-6, IL-11, CNTF, LIF, OSM Jakl, Jak2, Tyk2 Stat3
IL-12 Jak2, Tyk2 Stat4
Cytokines utilizing homodimeric
receptor
GH Jak2 Stat5b
Prl Jak2 Statb5a
Epo, TPO Jak2 Stat5
G-CSF, leptin Jak2 Stat3
Type Il
IFNs
IFN-a/B Jaki, Tyk2t Statl, Stat2
IFN-y Jak1, Jak2 Statl
IL-10 Jaki, Tyk2t Stat3
IL-20 ? Stat3

*Bold is used for signaling molecules that have proven to be essential
for cytokine signaling. TNot essential, as proven by knockout.
OSM, oncostatin M; TPO, thrombopoietin.

Ligands and receptors: good at sharing

"Iype I receptors bind factors designated variously as hor-
mones, interleukins, or colony-stimulating factors ('Table 1)
but, despite the different designations, the ligands all have
a common four-0-helical structure [7]. The receptors are
transmembrane proteins with conserved Cys residues and a
WSXWS motif extracellularly. Intracellularly, the receptors
are more divergent but have a conserved membrane-proxi-
mal domain including a hydrophobic a-helical segment that
serves to bind Janus kinases (Jaks) [8]. The conserved
features of the ligands and receptors permit computational
database mining and the recent identification of new family
members, including I1.-20, IL.-23 and the thymic stromal
lymphopoietin (T'SLP) receptor [9°,10°,11]. Type II recep-
tors are structurally related to the Type I receptors and bind
interferons and IL-10-family cytokines. The IL-10 family is
rapidly expanding and now includes I1.-19, IL.-20, IL-TIE
MDA-7 and AKK-155 [9°].

An important feature of cytokines binding Type I/II recep-
tors is their sharing of receptor subunits, which defines
subfamilies ('Table 1). For instance, 1L.-2, 1L.-4, IL-7, 1L.-9,
IL.-15 and possibly IL-21 all use yc— the common Yy
chain — in conjunction with ligand-specific chains, which
helps explain both the specific and redundant actions of
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Structure of Jaks. Kinases in this family contain seven common
homology domains (JH1-7). The JH1 domain is a kinase domain (KD)
and is responsible for the Jaks’ catalytic activity whereas the JH2
domain is a pseudokinase domain (PKD) without catalytic activity
although it is essential for normal Jak function. Jaks do not have any
SH3 domains, but the JH3 domain has homology with SH2 domains.
The amino termini of the Jaks contain a FERM domain, which is critical
for their association with the receptor and for the kinase function.

these cytokines. Moreover, some cytokines, like 11.-2 and
IL.-15, share two receptor subunits (i.e. 1L.-2 receptor B
[IL.-2RB] and yc) but have an additional ligand-specific
subunit (IL-2Ra or IL-15Ra). Another level of complexity is
that more than one type of receptor may exist: one 1L-4
receptor consists of the IL-4R associated with yc and a
second comprises IL-4R with the IL.-13R. Recently, a third
level of complexity has come to light, as illustrated by I1.-12
and IL.-23 [10°]. The p40 subunit, first identified as a com-
ponent of IL.-12, is not homologous to other cytokines but
rather is homologous to cytokine receptors, having a
WSXWS motif. It was first identified in association with p35
to form IL.-12; which has critical functions in promoting cell
mediated immunity. In contrast, 11.-23 comprises p40 and a
novel subunit, p19; the latter has homology to other
cytokines. Like I1.-12, I1.-23 binds to IL.-12Rf31 and induces
IFN-y (i.e. type II IFN) production. Unlike IL.-12, it does
not bind IL.-12Rf32 but does induce proliferation of memory
'T" cells, a property that IL.-12 lacks.

Jaks

Jaks constitutively bind the membrane-proximal domains
of Type I and II cytokine receptors and appear to be the
major initiators of signaling induced by cytokines that use
these receptors (Table 1). Four mammalian Jaks have been
identified — Jak1, Jak2, Jak3 and Tyk2 — and they are a
small but evolutionarily conserved family with orthologues
in teleosts, birds and insects.

Jak structure

Three-dimensional structural data for any of the Jaks are
still lacking but, based on primary sequence comparison,
seven regions of homology — termed Janus homology
domain 1-7 (JH1-7) — have been defined (Figure 1). JH1
comprises the kinase domain whereas JH2 comprises the
pseudokinase domain. The latter segment lacks catalytic
activity but is essential for a normal kinase activity and, thus,
appears to have a regulatory function [12-14]. Jaks lack
Src-homology 3 (SH3) domains but the JH3 domain shares

homology with SH2 domains, although binding of phospho-
tyrosine to this domain has not been reported [15]. The
amino termini of Jaks comprise a band 4.1 ezrin, radixin and
moesin (FERM) domain, a feature shared with only one
additional kinase family, the Fak family [16]. The amino
termini of the Jaks are responsible for association with
cytokine receptors (Figure 2). Interestingly, a human-
patient mutation in the conserved basic/aromatic core of the
FERM domain was found to result in failure of Jak3 to
associate with yc [17]. Strikingly, this and other amino-
terminal mutations inhibit catalytic activity, suggesting that
this domain is also important for normal function of the
kinase (Y-] Zhou ¢z a/., unpublished data).

All Type I and II cytokines activate various Jaks in some
combination but the pivotal function of the Jaks is best
illustrated in mice or humans deficient in these kinases.

In vivo consequences of Jak deficiency

Jak3

Severe combined immunodeficiency (SCID) comprises het-
erogencous disorders manifested by abnormalities in both T
and B lymphocytes, the most common being X-linked SCID
(X-SCID) due to mutations of yc. Because Jak3 binds Yc,
Jak3 mutations were sought and identified in SCID patients
[18]. Jak3 knockout mice were also generated; they too have
defects of T, B and NK cells [19]. The consequences of the
lack of yc and the lack of Jak3 are identical, arguing that Jak3
is essential for yc-mediated signals and not important for
cytokines other than those that use yc [20].

Jak3 deficiency and X-SCID are associated with impaired
signaling via all the yc cytokines. The lack of NK develop-
ment in Yc or Jak3 deficiency is likely to be the result of
defective IL.-15 signaling [21] whereas the T and B lympho-
cyte abnormalities are largely the result of defective 11.-7
signaling. Both mice and humans with IL-7R mutations
develop SCID but have normal NK cell development [22].
Moreover, the underlying defect in Jak3=-, IL-7-- or
IL.-7R~~ mice appears to be a profound diminution of early
progenitor cells and increased apoptosis, though there are
normal proportions of the major subsets of thymocytes [23].
The absence of Jak3 is associated with downregulation of
Bcl-2 and upregulation of Bax [24], consistent with the find-
ings in IL-7R- or yc-deficient mice and suggesting that a
major role of I1L.-7, acting via Jak3, is to inhibit programmed
cell death.

Though the numbers of thymic progenitors are small in Jak3
deficient mice, mature 'T" cells develop, albeit with few CD8*
T cells. However, the CD4* T cells are not normal in their
function. These T cells express activation markers and
activate poorly 7z vitro. The TCR repertoire type in Jak3-/-
mice is also skewed. When TCR-transgenic mice (lacking
antigen) are crossed with Jak3=- mice, there is a reduction in
the number of 'T" cells and they no longer express activation
markers, suggesting that the aberrant T' cell phenotype is
due to antigen-receptor-mediated activation [25].
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Cytokine signaling and mechanisms of
negative regulation. (a) Cytokine signaling is
initiated by binding of cytokines (red) to cell
surface receptors (purple), causing receptor
dimerization. In turn, this results in
juxtaposition, cross-phosphorylation and
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activation of Jaks, which are noncovalently
bound to the receptors; phosphorylation is P,
shown in yellow. (b) Activated Jaks
phosphorylate tyrosine residues within the
cytoplasmic domain of receptors, creating (b)
docking sites for proteins with SH2 and P
phosphotyrosine-binding (PTB) domains, such
as the Stats. Once bound to receptors, Stats
are themselves phosphorylated by Jaks and
(c) dissociate from the receptor to form active
homo- and hetero-dimers. (d) Stat dimers
translocate to the nucleus and effect gene
transcription. Several mechanisms contribute
to negative regulation of cytokine signaling.
(e) Cytokines, acting via Stats, increase the
transcription of SOCS family genes.

(f) SOCS family proteins can inhibit cytokine
signaling by binding to phosphorylated
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signaling by dephosphorylation of Jaks and
receptors. (h) Phosphorylated Stats can also
be inhibited by binding to PIAS proteins.

In humans, depending upon the amount of Jak3 present,
Jak3-deficient SCID patients may produce T cells. When
they do, they too may have an activated phenotype and oligo-
clonal expansion. This may be associated with autoimmunity
(DM Frucht ¢z a/., unpublished data). The oligoclonal expan-
sion of Jak3 deficient T cells may be the consequence of
impaired 1L.-2 signaling. 1L.-2, IL.-2Ra and IL.-2R deficient
mice develop lymphoproliferative disease that is thought to
be the result of inefficient activation-induced cell death [26].
"This mechanism may underlie the abnormalities in Jak3 defi-
cient T cells and, in fact, the Jak3 deficient individual with
T cells failed to upregulate Fas ligand in response to IL.-2.
Thus, Jak3 deficiency, paradoxically, appears to be associated
with both increased and impaired apoptosis.

In mice, but not in humans, B cell development is highly
dependent upon Jak3 and, presumably, this reflects
species-specific actions of cytokines involved in lymphoid
development. Thymic stromal lymphopoietin, a newly
cloned cytokine, also uses the IL.-7R as a receptor subunit,
probably explaining the greater severity of I1.-7R deficien-
cy versus [L.-7 deficiency for mouse B cell development.

IL-21 reportedly activates Jak3; by inference it is reason-
able to speculate it too is a Yc cytokine. I11.-21 also activates
NK cells, so it will be of interest to determine what the
consequences of the absence of I1.-21 and how this relates
to Jak3- and yc-deficiencies [27°,28].

Jak1

Like Jak3~~ mice, Jak1=- mice have SCID because Jakl
binds to the ligand-specific receptor subunit of yc-using
cytokines. Additionally, though, Jak1=- mice die perinatally
of an ill-characterized neurologic defect, presumably due to
failure of signaling via cytokines that use gp130 (e.g. ciliary
neurotrophic factor [CN'TF], etc.). Using cells from these
mice, Jakl was found to be essential for signaling by type |
(IFN-a/B) and type II (IFN-y) IFNSs, consistent with prior
studies using a mutagenized cell line.

Jak2

Mice lacking Jak2 die during embryogenesis because of a
failure of definitive erythropoiesis in the fetal liver, a phe-
notype that coincides with that of erythropoietin (Epo)--
and EpoR~-mice. Jak2 is also essential for thrombopoietin,
IL-3, GM-CSF and IFN-y responses whereas responses to
G-CSE, type I IFNs and IL-6 are normal. Because of the
lethality of Jak2 deficiency, the iz vivo consequence of the
absence of signaling by these latter cytokines has not been
addressed; no doubt this will be studied following the
generation of lineage-specific knockouts.

Tyk2

The demonstration that signaling by type I IFNs was abro-
gated in a cell line lacking "Iyk2 launched the interest in Jaks
as mediators of cytokine signaling [2,3,5]. Thus, the findings
from two groups that generated Tyk27/~ mice were especially
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Structure of Stats. The SH2 domain of Stats
(shown in gray) serves two critical

functions — binding to cytokine receptors and
dimerizing Stat monomers. Dimeric Stats bind
to DNA in a clamp-like structure, with the
phosphotyrosine-SH2 interactions forming
the hinge of the clamp. Stats have a carboxy-
terminal transcriptional-activation domain
(turquoise) and a conserved amino-terminal
domain involved in Stat tetramerization. Stats
also have an a-helical coiled-coil region that
binds other transcription factors and
co-activators. Modified from [34,35].

surprising because they differed from what was predicted
[29°°,30°°]. Both studies found that neither IFN receptor
expression nor signaling was greatly impaired, contrary to
what was found in the Tyk2 deficient cell line. Indeed, the
studies agreed that 11.-12 signaling was affected more that
IFN signaling, though IFN-y-producing T cells could still be
generated in these mice; neither study assessed the potent
combination of I1.-12 and IL.-18 on IFN-y production.

The consequence of Tyk2 deficiency on viral susceptibili-
ty depended upon the viral challenge. Tyk2 was judged to
be not essential for signaling by IL-6, IL-10 and other
cytokines. Thus, it is probably safe to conclude that, in
contrast to other Jaks, which have clear and essential func-
tions, 'Tyk2’s functions are more redundant; perhaps Tyk2
evolved later to augment host defense against viruses. The
discrepancies between the original findings in Tyk2
deficient cell lines and the knockout mice will need to be
resolved; the level of expression of other Jaks and the
degree to which they can compensate for each other will
also need to be investigated. No doubt Tyk2 knockout
mice will spawn a number of additional studies.

Stats
After activation, the Jaks phosphorylate receptor subunits
on tyrosine residues to recruit proteins with SH2 domains

or phosphotyrosine-binding (P'TB) domains. These
proteins, in turn, are also phosphorylated by Jaks, coupling
cytokine stimulation to a number of pathways, including
the Ras/Raf/MAPK and phosphatidylinositol 3’ kinase
(PI13'-K)/Akt pathways.

Phosphorylation of cytokine receptors also generates
docking sites for a class of SHZ2-domain-containing cytosolic
molecules termed signal tranducers and activators of
transcription (Stats); the first members of this class, Statl and
Stat2, were isolated by the Darnell laboratory [1]. Shortly
thereafter other family members were identified: Stat3,
Stat4, Stat5a, Stat5b and Stat6 [31-33]. Stats have also been
found in insects and even in Dictyostelium. Receptor-bound
Stats are then phosphorylated, allowing them to dimerize via
reciprocal SH2—phosphotyrosine interactions. This permits
translocation to the nucleus and DNA binding. Generally,
Stats bind two types of DNA motifs, ISREs (IFN-stimulat-
ed response elements [consensus: AGTTTNCNTTTCC])
and GAS (y-activated sequence) elements (consensus:
TTCN;GAA). Other than Stat6, which binds T'TCN,GAA,
there appears to be little specificity in Stat binding to DNA.

Stat structure
Dimeric Stats bind to DNA in a clamp-like structure, simi-
lar to NF-kB and p53 but with fewer direct contact sites



with the DNA backbone (Figure 3) [34-36]. Carboxy-termi-
nal to the central DNA-binding domain (residues ~300-500)
is a linker domain, an SH2 domain (residues ~575-690) and
a conserved site of tyrosine phosphorylation; phosphotyro-
sine—SH2 interactions form the hinge of the clamp. Thus
the SH2 domain is responsible for two key functions of the
Stats: firstly, binding phosphorylated receptor subunits and,
secondly, dimerization and DNA binding. Despite the
importance of SH2-phosphotyrosine interactions, there
may be Stat functions independent of dimerization. Via a
mechanism yet to be elucidated, apoptotic abnormalities in
a Statl deficient cell line were corrected by a Statl mutant
lacking the conserved tyrosine residue; how a Stat monomer
would bind DNA is unknown.

Amino-terminal to the central DNA-binding domain is the
coiled-coil domain (residues 130-300), which is likely to
mediate association with other transcription factors and
coactivators, including p48, p300/CBP, Nmi, glucocorticoid
receptor, c-Jun and NF-kB although CBP/p300 can also
interact with the carboxyl termini of Stats.

Recently, it has been shown that Stat1-mediated IFN-a/f3-
induced transcription can be regulated by methylation of
an arginine residue. Statl has been suggested to be a sub-
strate of the protein arginine methyl-transferase, PMRT1,
on arginine 31 in the amino terminus of the molecule. In
the absence of arginine methylation Statl is associated
with the inhibitor, protein inhibitor of activated Stats 1
(PIAS1), which inhibits Stat DNA-binding and transcrip-
tion induction [37].

Since most Stats bind to the same consensus sequences, it is
notable that multimerized, imperfect Stat-binding sites are
present in some cytokine-inducible promoters. Although
these sites individually bind Stats poorly, cooperative
dimer—dimer interaction can occur at these sites. The
conserved amino-termini of the Stats form a hook-like
structure that facilitates these dimer—dimer interactions [38].

The carboxyl termini of the Stats are variable and contain a
transcriptional activation domain. Statl, Stat3, Stat4 and Stat5
have been observed to be serine phosphorylated in response
to cytokine stimulation at a conserved proline-directed kinase
phosphorylation site (PXSP) in the transcriptional activation
domain [39]. In many cases, mutation of this conserved serine
residue decreases transcriptional activation and gene regula-
tion; however, this is not uniformly the case [40]. MAPK
family members can phosphorylate these sites but exactly
which kinases are responsible and how they are coupled to
specific cytokine receptors is unclear [41,42]. Serine phospho-
rylation of Stats can also be influenced by stimuli other than
cytokines, including ultraviolet irradiation, lipopolysaccharide
and Gram-positive bacteria. Stat serine phosphorylation,
therefore, can provide a means for crosstalk between different
receptors and pathways [43—46]. The Stat2 activation domain
differs from other family members and is rich in acidic amino
acids. Alternatively spliced forms exist for many if not all the
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Stats; in most of these cases, the carboxy-terminal transcrip-
tional activation domain is deleted and these truncated forms
can act as inhibitors.

Stats lack a classical nuclear localization signal, so
phosphotyrosine-=SH2-domain-mediated dimerization is
essential for nuclear translocalization but, in addition, the
amino termini also appear to be involved [47]. However,
whether regulation of nuclear entry or egress is the critical
step in nuclear accumulation of Stat proteins has yet to be
determined. The nuclear import of Statl has been shown
to be dependent upon the activity of the small GTPase,
Ran, whereas nuclear import signals are located in the
DNA-binding domain [48].

Stat function

The critical functions of Statl and StatZ in transmitting
cytokine dependent signals were first established through
the use of mutagenized cell lines defective in IFN-medi-
ated responses. Now, mice deficient in each of the Stats
have been generated and in some cases mice deficient in
multiple Stats have been produced. These mice clearly
demonstrate the nonredundant functions of specific Stats.

Statl

A number of cytokines and growth factors activate Statl,
including IFNs, IL-2, IL-6 and even epidermal growth
factor. It was notable therefore, that Stat1-- mice develop
normally but are highly susceptible to viral and some bac-
terial infections, a phenotype reminiscent of the defects
observed in IFN-aR~- and IFN-yR—- mice and IFN-yR
deficient humans. Many of the prototypic I[FN-inducible
genes are poorly expressed in these mice. Recently, it has
also been shown that type I [FNs inhibit the production of
IFN-y early during viral infection [49,50]. Statl appears to
be responsible for this effect, too, as, in its absence, type |
IFNs mediate IFN-y production; the mechanism responsi-
ble for this induction is not known, however.

IFNs, for the most part, are growth inhibitory and, accord-
ingly, Statl also functions to restrain cell growth and
upregulate the cdk inhibitor pZ21/wafl; in this respect its
function is very different from other Stats. Interestingly,
Stat1=- mice develop tumors at a higher rate and this
appears to be due to defective IFN-y responses [51]. The
lack of Statl is associated with defective apoptosis and
reduced expression of caspases, so this may be another
contributing factor to the emergence of tumors in Statl
null mice.

One function of Statl that may be unrelated to IFN sig-
naling is its possible role in fibroblast growth factor (FGF)
signaling. Thanatophoric dysplasia type Il dwarfism is
associated with gain-of-function mutations of FGF3, lead-
ing to constitutive activation of Statl and consequently
increased p21/wafl expression in cartilage. Analysis of
Stat1-- mice suggests that Statl is required for the
FGF-mediated growth inhibition of chondrocytes [52].
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Stat2

Stat2 is only activated by type I IFNs and, unlike other
Stats, requires Statl and p48 for interaction with DNA.
Stat2-- mice were recently reported and, as anticipated,
they have defective responses to type I IFNs and are high-
ly susceptible to viral infection [53]. Interestingly, responses
were also blunted in heterozygous Stat2*/~ mice, indicating
a gene dosage effect. In addition, Statl levels were dimin-
ished in fibroblasts from Stat2-- mice, revealing a type I
IFN autocrine loop. However, cell-type-specific require-
ments for Stat2 were also apparent. Stat2 was found to be
essential for fibroblasts and lymphocytes but macrophages
were not dependent upon Stat2 for type I IFN responses.

Stat3

Stat3 is activated by cytokines signaling through gp130 (i.e.
IL-6, leukemia inhibitory factor [LLIF], ciliary neurotrophic
factor, etc.). Gene targeting of Stat3 is embryonically lethal,
perhaps due to impairment of LLIF function. Because of this
lethality, various conditional knockouts have been made
[54]. Absence of Stat3 in T cells had no effect on lymphoid
development and a modest effect on lymphocyte prolifera-
tion whereas targeting of Stat3 in myeloid cells resulted in
exaggerated inflammatory response and death; the latter
appears to be due to the failure of IL-10 signaling.
Moreover, Stat3 appears to be required for normal G-CSF
responses [55]. Targeting of Stat3 in the mammary gland
decreased epithelial apoptosis and delayed involution upon
forced weaning. In keratinocytes, the absence of Stat3
severely impaired wound-healing as a result of disruption of
growth-factor-dependent migration of epidermal cells.

Interestingly, there are now a number of links between Stat3
activation and cancer. These include the observations that
expression of a constitutively dimerized Stat3 is oncogenic,
that transformation by other oncogenes is dependent upon
Stat3 or other Stats (see below) and that constitutive Stat
activation is found in a number of cancers [56,57]. It should be
noted that, in addition to their function as transcription
factors, Stats may also function in proliferative signaling via
roles as adapter molecules. For example, Stat3 has been
reported to bind PI3'-K [58].

Stat4

I1.-12 is a major Stat4 activator and, accordingly, Stat4-"- mice
have defective I1.-12 responses and Th1 differentiation [33].
The phenotype is consistent with the abnormalities seen in
IL.-12-"- or IL-12R~- mice, and in I1.-12R deficient humans
[59]. In humans, but not mice, IFN-a/ also activate Stat4.
"This is because Stat2 is apparently required for IFN-a/B-
mediated Stat4 activation and mice have a microsatellite
insertion in Stat2 that prevents this interaction [50,60,61].
"This was an important finding because it helps explain why
IFN-a/B can direct Th1 differentiation in humans but not in
mice — a very important species-specific difference.

Stat4 is expressed at high levels in thymus, spleen, activat-
ed T cells and NK cells. It is also expressed at high levels in

testes but Stat4 deficient mice have no defects in spermato-
genesis or fertility. Recently, Stat4 has been found to be
inducibly expressed in activated macrophages and dendritic
cells [62]. In mice, the expression of Stat4 is required for the
production of IFN-y by these nonlymphoid cells [63]. The
ability of nonlymphoid cells to autoactivate in response to
IL.-12 and IFN-y may have important sentinel functions in
host defense. In addition, this may be a mechanism by
which these cells can promote Th1 differentiation.

Stat5

Encoded by two genes, Stat5a and Stat5b share 93% iden-
tity at the protein level. Moreover, both are activated by
many cytokines, including prolactin (Prl), growth hormone
(GH), Epo and IL-2. Despite their homology, Stat5a and
Stat5b knockout mice established specific functions.
Stat5a7~ mice have impaired mammary gland develop-
ment and failure of lactation. In contrast, Stat5b=— mice
have defective sexually dimorphic growth and GH-depen-
dent regulation of liver gene expression.

"To evaluate whether Stat-5a and -5b serve redundant func-
tions for other cytokines, Stat5a/Stat5b double-knockout
mice were generated [64]. Some of these mice die perina-
tally but some mice survive and have features consistent
with the lack of GH and Prl signaling; they are small and
females are infertile.

A major surprise, however, was that lymphoid development is
remarkably normal in Stat5 null mice. In contrast to Jak3-/-
and IL-7R~- mice, T and B cells development was unaffect-
ed by the absence of Stat5. By contrast, NK cell development
was abrogated in these mice. [32,65°°]. Though T cells devel-
op in these mice, they are nonetheless abnormal. They fail to
proliferate 7z vitro and the ability of 11.-2 to induce cell cycle
genes is lost. Like IL-27~ and IL.-2R~- mice, Stat5-- mice
paradoxically develop lymphoproliferative disease.

"The importance of Stat5 in cellular proliferation and transfor-
mation is supported by the fact that the transforming ability
of the Tel-JakZ2 oncogene is abrogated in Stat5 deficient mice
[66]. Constitutive Stat5 phosphorylation is also noted in a
number of cancers — both artificial and natural [57].

Stat6

Given that Stat6 is activated by IL-4, the finding that Stat6="-
mice fail to develop ThZ immune responses was expected
but nonetheless striking [33]. Stat6 controls the expression of
p27kip1 and, accordingly, IL.-4-dependent proliferation was
blocked in Stat67- mice. The mice have defective IgE
responses, impaired regulation of I[.-4-inducible genes and
attenuated allergic and asthmatic disease [67]. Equally inter-
esting was that Stat6 deficiency does not result in complete
abrogation of IL.-4 responses; antiapoptotic effects of 11.-4
are preserved in Stat6 deficient cells.

"The cytokine I1.-13 shares a receptor subunit with 1L-4. 1L.-13
also activates Stat6, and IL.-13 responses are abrogated in
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Structure and nomenclature of the SOCS
family. The structures of CIS and SOCS1-7
are shown schematically, with alternative
names shown in parentheses. SOCS boxes
are shown in red, SH2 domains are shown in
yellow, KIRs of SOCS are shown in grey and
the amino-terminal regions are shown in blue.
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Stat6~— mice. Interestingly, Stat4/Stat6 double-knockouts
develop default 'Thl responses. Although Stat4 and Stat6
clearly play important roles in promoting the Th1 versus Th2
dichotomy, other transcription factors, such as GATA-3, c-Maf,
IRF-1 and T-bet also play major roles in this process [68].

Mechanisms of attenuating cytokine signaling
Of equal importance to the positive mechanisms initiated
by cytokine signals are the negative regulatory mecha-
nisms that serve to dampen or terminate cytokine signals
[69,70]. Accordingly, there are a number of mechanisms
presently identified — their importance being vividly
demonstrated by mice lacking these inhibitors.

The SOCS family — cytokine-inducible feedback inhibitors
CIS (cytokine-inducible SH2-domain-containing protein),
the first member of this family, was identified as an immedi-
ate-early gene, induced by I1.-3, that inhibited signaling and
proliferation [70]. Using different strategies, three groups
subsequently separately cloned another family member,
termed SOCS1 (suppressor of cytokine signaling 1), JAB
(JAK binding protein) and SSI1 (Stat-induced Stat
inhibitor 1) [71,72]. The SOCS/CIS/SSI family now includes
eight members, CIS and SOCS1-SOCS7 [73] (Figure 4).
Although the final nomenclature of the family has not been
settled, for simplicity we will use the designation ‘SOCS’.

The mRNA and protein expression for SOCS members is
rapidly induced by a variety of stimuli, including cytokines
and growth factors. Importantly, SOCS expression is reduced
in mice lacking various Stat genes but, in addition, there are
examples of SOCS induction in response to stimuli that do
not activate Stats, such as lipopolysaccharide or IL-1.
Functioning as a classic negative feedback loop, SOCS pro-
teins are structurally conserved but inhibit signaling by
different mechanisms. SOCS-box-containing proteins can be
divided into five subfamilies of proteins with SH2 domains,
WD-40 repeats, ankyrin repeats, SPRY domains or G'TPase
domains [73]. The function of the SOCS-box has not been
established but several lines of evidence point to a role in
ubiquitin-mediated protein degradation, potentially through
the binding of the elongin BC complex [74]. The elongins
bind to E; ligase complex of CUL 2 and Skp1 and this may

regulate protein turnover. The function of many SOCS
proteins is unknown; only CIS and SOCS1-SOCS3 will be
discussed further here.

CIS

CIS, the first member of the SOCS family to be identified,
is induced by Epo, IL.-3, GH, IL-2 and by Prl, and it com-
petes with Stats for the receptor phosphotyrosine residues
that serve as a docking site. CIS transgenic mice have low
birth weight, stunted growth and defective mammary
gland development, possibly due to a complete block of
Prl signaling, a phenotype similar to that observed with
Stat5~~ mice [75]. However, the lack of a clear phenotype
in the CIS7~ mice suggests that, unlike other SOCS
family members (see below), it may be redundant [28].

SOCs1

SOCS1 mRNA is induced by many cytokines, including
IL-6, 1L-2, IL.-4, LIF, IFN-a/B, IFN-y, GH and G-CSE
SOCST! inhibits Jakl, JakZ2 and 'Tyk2 but affects Jak3
kinase activity minimally. Mutational analysis of SOCS1
and SOCS3 has established that both the SH2 domain and
an amino-terminal kinase-inhibitory region (KIR), but not
the SOCS-box, are essential for blocking Jak activity and
cytokine signaling; notably, the KIR is not found in other
SOCS proteins [76-78] although SOCS4 and SOCSS5 have

amino-terminal regions with sequences similar to KIRs.

SOCS1-- mice, though born healthy, rapidly succumbed to a
complex, multiorgan disease characterized by leukocytic infil-
tration and necrosis with severe B cell lymphopenia.
SOCS1-- mice have activated Statl in the liver, have elevat-
ed expression of IFN-y-inducible genes, are hypersensitive to
IFN-y and have elevated circulating levels of this cytokine
[79°°,80°°]. Accordingly, mice lacking both SOCS1 and IFN-y
are healthy, as are doubly deficient SOCS1--Rag2-/- mice.

SOCS2

SOCS2-"- mice are born at the expected Mendelian ratio,
survive weaning and are healthy and fertile as adults [81°°].
Male SOCS2-- mice grow more rapidly than their wild-type
counterparts; SOCS2-- females are also heavier, but less
dramatically so. With the notable exception of the brain,
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most organs in SOCS2-~ animals are proportionately large
and the long bones are 7-15% longer. The increased weight
of SOCS2-- animals is not due to increased fat; rather the
animals are if anything leaner than normal, a phenotype sim-
ilar to that of GH transgenic mice. The mechanism of
SOCS?2 action in regulating body size is not entirely clear
but an important mechanism of GH action is the induction
IGF1 (insulin-like growth factor 1). Of note, SOCS2--
animals exhibit elevated expression of IGF1 mRNA in a
number of tissues, including the heart, lung and spleen.

SOCS2 is unusual among the SOCS family: whereas
SOCS2 mRNA expression is induced in response to many
cytokines, its capacity to inhibit cytokine signaling in over-
expression experiments was less impressive than SOCSI.
Indeed, high concentrations of SOCS2 potentiated GH,
P1l and IL-2 signaling. One explanation for this effect was
that SOCS2 may antagonize the action of endogenous
SOCS]I, leading to a potentiated response [82,83]; whether
this occurs 7z vivo has not yet been determined.

SOCS3

Like SOCS1, SOCS3 can inhibit Stat activation in response
to many cytokines, including GH, leptin, IL-2, IL.-4 and
IL-10; SOCS3 is also induced in response to most four-
O-helical cytokines tested. SOCS3 only partially inhibits
Jak activation but its effect is enhanced in the presence of
receptors, suggesting that SOCS3 inhibits cytokine
responses by binding to phosphorylated components of the
receptor complex [17,84]. For gp130, an SH2-domain-con-
taining protein tyrosine phosphatase 2 (SHP-2)-interaction
site (YEPY757STV) is also a SOCS3 contact site; SOCS3
may compete for the SHP2-gp130 interaction site [85,86].

SOCS3 is also unusual in that phosphorylated SOCS3 binds
RasGAP, maintaining Ras in the activated state [87,88].
"Therefore, although SOCS3 can block Stat activation, it can
activate the ERK pathway. This interesting observation sug-
gests that SOCS proteins are not only inhibitors; SOCS3, at
least, can also positively modulate specific survival pathways.

SOCS3~- mice die during mid-gestation, (between day
11.5 and day 16.5) though the basis of this embryonic
lethality is unclear. Some mice display marked erythrocy-
tosis, consistent with the finding that a SOCS3 transgene
results in severe anemia [28]. However, reconstitution of
irradiated mice with SOCS3- fetal liver results in normal
hematopoiesis, suggesting that the critical role of SOCS3
may be limited to embryogenesis. Clearly, many questions
remain regarding the physiological role of SOCS3.

PIAS

PIAS are a family of constitutively expressed negative regula-
tors of Stats and four members have been identified: PIAS-1,
-3, -X and -Y. They share homology amongst themselves but
have no previously characterized motifs [89]. PIAS proteins
may not be specific for Stat interaction, as PIAS1 was previ-
ously described as a helicase 11 interacting protein; the i vivo

relevance of this family of proteins will need to be assessed by
the production of the relevant knockout mice.

Phosphatases in cytokine signaling

Given the importance of tyrosine Kinases in initiating signal-
ing, it comes as no surprise that tyrosine phosphatases are
also important inhibitors. For instance, SHP-1 is an impor-
tant negative regulator, as illustrated by the ‘motheaten
mice’ phenotype. The lack of SHP-1 affects almost all
hematopoietic lineages and results in the characteristic
motheaten appearance of the coat and fatal pneumonitis
resulting from unchecked neutrophil and macrophage prolif-
eration [90]. Several hematopoietic receptors, including the
IL-4R, EpoR, GHR and IL-2R have been shown to recruit
SHP-1. The mechanism by which SHP-1 inhibits signaling
has not been entirely elucidated but it presumably occurs via
SH2-phosphotyrosine interaction. SHP-1 may directly
dephosphorylate and inactivate Jaks or dephosphorylate
other key tyrosines on the cytokine receptors that are
involved in signaling. Loss of SHP-1 expression has been
implicated in human lymphoproliferative disease and may
be involved in malignant transformation, as reported with
HTLV-1 associated leukemia and other tumors.

"The action of SHP-2 is more complicated. Though it has been
reported to inhibit signaling by some cytokines, it also acts as
an adaptor protein, enhancing PI-3'K and Ras activation.
SHP-2 binds the receptor and recruits Grb-2 and SOS, thus
initiating Ras activation. SHP-2 does not bind all receptors
directly; it also binds docking proteins such as Gab-2 [91,92].

"I'wo phospholipid phosphatases, SHIP (SH2-containing
inositol phosphatase) and PTEN, target PIP-3 but at differ-
ent positions on the inositol ring [93]. Normally PTEN
antagonizes the activation of PI3'-K and PKB/Akt by growth
factors. Many tumors and cell lines have PTEN mutations,
resulting in activation of the Akt/PKB and phosphatidylinos-
itol PI3'-K pathway. This can antagonize the apoptosis
induced by cytokine withdrawal.

Recently, it has been shown that the absence of CD45 leads
to augmented Jak and Stat phosphorylation in hematopoiet-
ic cells. Whether the major role of CD45 is to statically
influence Jaks or whether there is a dynamic component of
regulation is not known. Whether other receptor phos-
phatases affect Jaks in nonhematopoietic cells will also need
to be determined [94].

Finally, Stats are dephosphorylated over time and this pre-
sumably reflects the activity of a Stat phosphatase. The
identity of the major Stat phosphatase and its intracellular
location remains enigmatic at present.

Conclusions

Over the past 10 years, there has been enormous progress in
determining how cytokine signaling is initiated and how it is
attenuated. With the completion of the sequencing of the
human genome and the use of bioinformatic tools, we will



soon know all of the cyokines and receptors in this family.
However, the complexity of shared receptor subunits and
alternative receptors will no doubt complicate the analysis of
these new members.

Jaks have emerged as a small family of tyrosine kinases with
rather specific functions, as illustrated by humans with muta-
tions and by gene targeted mice. A major gap in our current
knowledge, however, is the three-dimensional structure of
the Jaks; this information is eagerly awaited. In addition, we
only have cursory information regarding the basis of
Jak/receptor association and the delineation of the function of
Jak phosphorylation sites.

The Stats, too, appear to be a relatively small but evolu-
tionarily conserved family of transcription factors with
highly specific functions; remarkably it appears that at least
four of the six mammalian Stats have major functions in
regulating host defense and immune responses. We have
much more detailed structural information on Stat mole-
cules but clearly we need to know much more about
cytokine-inducible genes and how Stats work with other
transcription factors to regulate the expression of these
genes; microarray technology is rapidly filling this void.

Three classes of negative regulatory proteins have been dis-
covered: phosphatases, PIAS and SOCS proteins. Each of
these protein families appears to act at a distinct point and at a
particular time in the cytokine signaling cascade. Although
many experiments examining the function of these negative
regulators have been carried out 7z vitro, some of the most infor-
mative experiments have been carried out in animals with
naturally occurring or engineered mutations in the genes
encoding these proteins. Continued analysis of the signal trans-
duction in primary cells expressing normal levels of the salient
proteins will be important if the physiologically relevant con-
trols on responses are to be uncovered. Additionally, mutations
and polymorphisms in these negative regulators would be good
candidates for autoimmune disease susceptibility genes in
humans; it will be important to test this possibility.
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