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Abstract
Cytokines play a critical role in the normal development and function of the immune system.
On the other hand, many rheumatologic diseases are characterized by poorly controlled
responses to or dysregulated production of these mediators. Over the past decade
tremendous strides have been made in clarifying how cytokines transmit signals via pathways
using the Janus kinase (Jak) protein tyrosine kinases and the Signal transducer and activator
of transcription (Stat) proteins. More recently, research has focused on several distinct
proteins responsible for inhibiting these pathways. It is hoped that further elucidation of
cytokine signaling through these pathways will not only allow for a better comprehension of
the etiopathogenesis of rheumatologic illnesses, but may also direct future treatment options.
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Introduction
Since their discovery and cloning, it has become abundantly clear that cytokines play critical roles in regulating
immune and inflammatory cells. For instance, the development of lymphoid and myeloid cells is now known to be
controlled to a major degree by cytokines such as interleukin (IL)-7, IL-3, granulocyte–monocyte colony-stimulating factor (GM-CSF), and granulocyte colony-stimulating
factor, among others. Similarly, numerous studies have
documented the role of IL-6 in promoting inflammatory
responses. Other cytokines can be classified as
immunoregulatory cytokines. For example, IL-2 controls
lymphoid homeostasis both positively and negatively; in
addition, the differentiation of CD4+ T-helper (Th) cells
into Th1 and Th2 subsets has been documented to be
controlled in large measure by cytokines. For instance,

IL-12 promotes the differentiation of naïve Th cells to
those that produce interferon (IFN)-γ and lymphotoxin (Th1
cells), whereas IL-4 drives the differentiation of T cells to
those that secrete IL-4, IL-5, and IL-10 (Th2 cells).
Not only do these processes contribute to normal host
defence, but also to the pathogenesis of autoimmune
disease. Much research has focused on the roles that
cytokines play in diseases such as rheumatoid and psoriatic arthritis, systemic lupus erythematosus, and even
such disparate illnesses as scleroderma and osteoarthritis.
It is clear that both the pathogenesis and clinical manifestations of these debilitating diseases are at least in part
due to aberrant immune and inflammatory responses, both
of which are critically dependent on cytokines. In several
animal models of rheumatoid arthritis, most notably colla-

γc = common γ chain; CIS = cytokine inducible SH2 protein; IFN = interferon; IL = interleukin; Jak = Janus kinase; JH = Janus homology (domain);
MAPK = mitogen-activated protein kinase; PIAS = protein inhibitors of activated Stats; SCID = severe combined immunodeficiency; SH = src
homology (domain); SOCS = suppressor of cytokine signaling; STAM = signal transducing adaptor molecule; Stat = Signal transducers and activators of transcription; Th = T-helper (lymphocyte).
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gen-induced arthritis in mice, disease susceptibility has
been shown to be highly dependent on immunoregulatory
cytokines. For instance, when susceptible mouse strains
are rendered genetically deficient in either IL-12 or the
IL-12 receptor, they develop a much milder manifestation
of arthritis when immunized with collagen compared to
normal animals. Even more strikingly, mice that are incapable of producing IL-6 become totally resistant to
disease in response to collagen immunization.
Obviously, then, it is of great interest to understand the
molecular basis of cytokine action. Fortunately, the mechanisms by which cytokines transmit signals from the cell
membrane to the nucleus have been studied extensively,
and knowledge of these pathways has increased tremendously over the past several years. In particular, analysis of
mice and humans with cytokine receptor mutations or
mutations of signaling molecules has provided important
insights into the specific functions of these molecules; this
information is emphasized in the present review.
The present review focuses on signaling by receptors that
are members of two structurally related families, termed
type I and type II cytokine receptors. Type I cytokine
receptors include those for cytokines such as erythropoietin, prolactin, growth hormone, thrombopoietin, granulocyte colony-stimulating factor, and GM-CSF. In addition,
many, but not all of the receptors for different interleukins
are part of this family: IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,
IL-11, IL-12, IL-13, and IL-15. The type II cytokine receptors include those for the IFNs (IFN-α, IFN-β, and IFN-γ)
and IL-10. Of note, the receptors for IL-1, IL-18, IL-8,
transforming growth factor-β, and tumor necrosis factor
are not part of this family; despite their importance to
immune-mediated disease, the signaling pathways used
by these cytokines are not discussed here.
Type I and II cytokine receptors lack intrinsic kinase activity
and instead rely on Janus kinase (Jak) proteins to initiate
signaling. Cytokine binding to these receptors can activate
a variety of pathways within cells including mitogen-activated protein kinases (MAPKs) and phosphoinositide 3′
kinase. However, the discovery of a new family of tyrosine
phosphorylated transcription factors, the Signal transducer
and activator of transcription (Stat) family, provided great
insight into the action of cytokines. Recently, research has
focused on molecules that attenuate cytokine signaling. Of
considerable interest is the suppressor of cytokine signaling (SOCS) family of molecules [1–12].

Jaks
In contrast to other tyrosine kinase families, the Jak family
is rather small. There are only four known mammalian Jaks
– Jak1, Jak2, Jak3, and Tyk2 – which were identified in the
early 1990s by techniques that capitalized on homology of
their kinase domains to other tyrosine kinases [13–16].

Since the discovery of these family members, no new
mammalian members have been identified, suggesting
that they may comprise the entire family. Teleost and avian
Jaks have been identified, as has a single Drosophila Jak;
thus, these critical signaling molecules are highly conserved throughout evolution [17–19]. Shortly after their
discovery, their functional importance in IFN and cytokine
signaling was established [1,20]. It was first shown that
Jaks are essential for IFN signaling using a panel of cell
lines that were resistant to IFNs [21–23], and subsequently, type I cytokines were also found to activate Jaks;
in fact, all type I and II cytokines activate Jaks in some
combination [6,24–28]. It was also shown that Jaks physically associate with cytokine receptors. For the IFN-α
receptor, the presence of Tyk2 is required for appropriate
receptor expression on the cell surface; this does not
appear to be the case for other cytokines, however.
Jak function

Jak3

Jak3, in marked contrast to the relatively ubiquitous
expression of Jak1, Jak2, and Tyk2, has a much more regulated and specific tissue expression. It is constitutively
expressed at high levels in natural killer cells and thymocytes, and is inducible in T cells, B cells, and myeloid cells
[16,29–32]. Jak3 is activated by a limited number of
cytokines, only those receptors that use the common γ
chain (γc) (IL-2, IL-4, IL-7, IL-9, and IL-15) [26,27,33–35]
(Table 1). This is explained by the fact that Jak3 specifically associates with γc, and IL-2 and IL-4 signaling is
markedly compromised in cells lacking Jak3 [36,37].
The pivotal function of Jak3 was established when a form
of human severe combined immunodeficiency (SCID) was
found to result from Jak3 mutations [38,39]. As was predicted on the basis of the association of Jak3 with γc, the
phenotype of these patients was quite similar to that seen
in patients with X-linked SCID, which results from a mutation in the γc [40]. These patients lack T cells and natural
killer cells and have dysfunctional B cells. Jak3 knockout
mice were subsequently generated that also have defects
in the same cell lineages (T, B, and natural killer cells)
[41–44].
Because Jak3 is activated by all of the γc cytokines, the
question arises as to how the deficient signaling by these
various cytokines relates to Jak3 and γc deficiency. The
phenotype of Jak3 SCID and X-linked SCID is most similar
to IL-7 and IL-7 receptor gene-targeted mice [45–47]. The
lack of IL-7 signaling can clearly result in SCID in mice,
and recently it was documented that a subset of patients
with autosomal recessive SCID have IL-7 receptor mutations [48]. One notable feature is that these patients do
have natural killer cells, indicating that IL-7 signaling is not
essential for natural killer cell development. In this regard it
is important to note that IL-15 receptor α chain knockout
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mice lack natural killer cells [49]. Thus, the SCID phenotype associated with Jak3/γc deficiency largely results
from defective IL-7 and IL-15 signaling. It should be noted,
however, that the phenotypes of Jak3 and γc deficient
mice and humans differ somewhat. Whereas human SCID
patients have dysfunctional B cells and few, if any, T cells,
deficient mice lack B cells and have reduced T cell
numbers. The explanation for this difference is unclear at
present. It should be noted that the T cell defect in human
Jak3 SCID is not absolute; some patients do develop
some T cells [50].
Somewhat surprisingly, IL-2, IL-2 receptor α chain, and
IL-2 receptor β chain knockout mice exhibit lymphoproliferative and autoimmune disease [51–54], an abnormality
that has been attributed to defective apoptosis of activated T cells. T cells from humans with Jak3 SCID and
Jak3/γc–/– mice are abnormal in that they express activation markers [41,55]; impaired negative thymic selection
has been postulated as one mechanism, but an alternative
explanation is that absence of IL-2 signaling results in
impaired apoptosis.
Although we and others previously showed that myeloid
cells express Jak3 upon stimulation with a variety of
cytokines and proinflammatory stimuli, no abnormal function has been reported in this cell lineage due to the lack
of Jak3 expression [56]; the function of Jak3 in this
lineage, therefore, remains unclear.
Importantly, after treatment with bone marrow transplantation, no significant defects have been reported outside the
immune system in Jak3 and γc deficient humans. This
argues that the functions of Jak3 and γc are truly limited to
the immune system, which is consistent with the relative
tissue specificity of this molecule. The specificity of the
defects suggests that Jak3 or the Jak3–γc interaction may
represent a useful target for the development of novel
immunosuppressants [33,38,39].
Jak1, Jak2, and TyK 2

As stated previously, Jak1 and Jak2 have a wide tissue
expression and are activated by a variety of cytokines
(Table 1). Specifically, IFN-α/β signaling requires Jak1 and
Tyk2; the α subunit of the IFN-α/β receptor associates
with Tyk2, and the β subunit with Jak 1 [57–59]. In contrast, IFN-γ requires Jak1 and Jak2 [1,21–23,60]. In this
circumstance, the IFN-γ receptor α subunit associates
solely with Jak1 and the β subunit only with Jak2 [5]. Jak1
is also activated by γc cytokines and associates with the
ligand-specific receptor subunit. Hormones such as
growth hormone and erythropoietin predominantly associate with and activate Jak2 [24,25], but Jak2 also associates with the common β chain, a shared subunit for IL-3,
IL-5, and GM-CSF [61]. IL-6 and related cytokines can
activate Jak1, Jak2, or Tyk2; gp130, the shared subunit of

this family of receptors, can bind each of these Jaks [62].
Finally, the IL-12 receptor β1 chain associates with Tyk2
and the β2 chain associates with Jak2 [63].
As might be expected on the basis of the cytokines that
activate them, mice that lack either Jak1 or Jak2 have more
diverse abnormalities. Like Jak3 knockout mice, Jak1–/–
mice have SCID. In contrast to Jak3 knockouts, though,
Jak1 deficient mice die perinatally as a result of an incompletely defined neurologic defect [64]. In addition, they fail
to manifest biologic responses to all receptors that utilize
this kinase, including all type II cytokine receptors,
cytokine receptors that utilize the γc subunit for signaling,
and the family of cytokine receptors that depend on the
gp130 subunit for signaling.
Jak2 deficiency is embryonically lethal, because these
mice fail to develop erythroid cells [65,66]. Interestingly,
this phenotype is more severe than that seen in erythropoietin receptor deficient mice, perhaps due to the necessity
of signaling through other Jak2-requiring receptors such
as IL-3 for efficient erythropoiesis. Enhanced signaling
through Jak2 has also been implicated in the pathogenesis of leukemia. Chromosomal translocations in several
patients with leukemia were characterized and shown to
fuse the 3′ portion of Jak2 to the 5′ region of TEL, a gene
encoding a member of the ETS transcription factor family.
The TEL-Jak2 fusion protein includes the catalytic domain
of Jak2 and the TEL-specific oligomerization domain. TELinduced oligomerization of TEL-Jak2 resulted in the constitutive activation of its tyrosine kinase activity and conferred
cytokine-independent proliferation to the interleukin-3dependent Ba/F3 hematopoietic cell line [67,68]. These
findings underscore the importance of Jak2 mediated signaling in driving proliferation and differentiation in both
myeloid and lymphoid cells.
Tyk2 knockout mice have not been reported as of yet, and
no known human disorders have been linked to a defect in
this Jak, so the cytokines for which Tyk2 signaling is
uniquely responsible have not been ascertained. Based on
the findings with deficient cell lines, the expectation is that
IFN α/β actions will be impaired in such mice.
Jaks and noncytokine receptors

Since the discovery of the Jaks, occupancy of a vast array
of receptors other than type I and II receptors have been
shown to induce Jak phosphorylation and/or activation. To
date, however, it has not been proved that Jaks are essential, nonredundant components of the signaling pathways
of noncytokine receptors. For instance, although CD40
was found to associate with Jak3, no defect in CD40 signaling was apparent in Jak3 deficient cells [69,70]. At
present, the only receptors documented to be absolutely
dependent on Jaks for signaling are type I and II cytokine
receptors. Whether this small family of tyrosine kinases is

Table 1
Association of Janus kinases (Jaks), Signal transducers and activators of transcription (Stats), and suppressors of cytokine signaling (SOCSs) with cytokine receptors and
phenotype of knockout mice.
Cytokines

Deficient mice

Jak1

γc cytokines, gp130 cytokines, IL-10, IFN-α
α, IFN-β
β, IFN-γγ, IL-13

Neurologic defect (?), mice die perinatally

Jak2

Erythropoietin, βc cytokines, gp130 cytokines, IL-13, IL-12, GH, prolactin,
thrombopoietin, IFN-γγ

Embryonically lethal, failed to develop red blood cells

Jak3

IL-2, IL-7, IL-15, γc cytokines

SCID

Tyk2

gp130 cytokines, IL-13, IL-12, IFN-α, IFN-β, IL-10

Not yet reported

Stat1

α, IFN-β
β, IFN-γγ, IL-2, IL-6, IL-10
IFN-α

Susceptibility to viral and some bacterial infections
Defective signaling in response to IFNs
Impaired tumor rejection

Stat2

IFN-α, IFN-β

Defective signaling in response to IFNs*

Stat3

LIF, IL-10, IL-6, other gp130 cytokines, γc cytokines, GH

Embryonically lethal
Targeted disruption in macrophages and neutrophils showed defective
IL-6 and IL-10 signaling
Chronic enterocolitis
Conditional knockouts showed suppressed epithelial apoptosis and
delayed mammary gland involution

Stat4

IL-12

Defective Th1 development

Stat5a

Prolactin, other γc cytokines, other βc cytokines, GH, thrombopoietin

Defective lobuloalveolar development in breast

Stat5b

GH, other γc cytokines, βc cytokines, prolactin, thrombopoietin

Required for sexual dimorphism

Stat5a/b

GH, IL-2, erythropoietin

Infertile, smaller body size
Impaired cell-cycle progression of peripheral T cells
Fetal anemia (?)

Stat6

IL-4, IL-13

Defective Th2 development

Stat4/6

No Th2 cells in vitro

SOCS-1

IFN-γγ, IL-6, GH, thrombopoietin, OSM, LIF

Perinatal lethality, hyper-responsiveness to IFN-γ

SOCS-3

Erythropoietin, GH, IL-2, leptin, CNTF, IL-11, IL-10

Embryonic lethality, ? due to erythrocytosis

γ Chain (γc) cytokines: interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15. gp130 cytokines: IL-6, IL-11, oncostatin M (OSM), ciliary neurotropic factor (CNTF), leukemia inhibitory factor (LIF), CT-1, IL-12,
Leptin. β chain (βc) cytokines: IL-3, IL-5, granulocyte–macrophage colony-stimulating factor (GM-CSF). Bold letters indicate cytokines that have been shown to be essential in knockouts.
*Schindler C, personal communication. SCID, severe combined immunodeficiency; FGF, fibroblast gowth factor; GH, growth factor; IFN, interferon.
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dedicated to signaling by this class of receptors or
whether wider functions exist remains to be determined;
this is one of the most interesting remaining questions that
pertain to the biology of the Jaks.

Figure 1
JAK
JH7

Jak structure

The three-dimensional structure of the Jaks is presently
unknown. This is no doubt partly because they are relatively large kinases of more than 1100 amino acids with
apparent molecular weights of 120–130 kDa. Their messenger RNA transcripts range from 4.4 to 5.4 kilobases in
length. Multiple spliced forms of Jak3 have been identified,
including a variant that lacks a segment of the catalytic
domain [29,71,72]. It is intriguing to speculate that a naturally occurring dominant negative form of Jak3 may have
regulatory function, but this has yet to be proved.
Jaks have seven regions of homology termed Janus homology (JH) domains 1–7 (Fig. 1), and the carboxy-terminal
tyrosine kinase, or JH1 domain, shares the features of
other tyrosine kinase domains. For example, phosphorylation of tyrosine residues in the activation loop of kinases
such as the insulin receptor play an important role in regulating phosphotransferase activity [73]. A number of
autophosphorylated sites are being identified in Jaks, two
of which reside within the putative activation loop.
Depending upon the specfic Jak, however, mutations at
these sites appear to have slightly different functional consequences. That is, mutation of tyrosine 1007 abrogated
any signaling capacity of Jak2, whereas mutations in both
the corresponding tyrosine residues and the adenosine
triphosphate binding site were required to abolish activity
of Tyk2 completely [74,75]. In contrast, mutations of Y981
in Jak3 actually increased activity [76]. Thus, there may be
subtle differences in the regulation of catalytic activity of
each Jak. The molecule src homology (SH)2Bβ, an SH-2
domain containing protein, associates with Jak2 and
increases its catalytic activity in response to growth
hormone, but the mechanism of this regulation has not
been determined [77,78].
The hallmark of the Jak family of protein tyrosine kinases is
the existence of tandem kinase and pseudokinase
domains; it is this feature that gives the Jaks their name,
and among mammalian tyrosine kinases only the Jaks have
this domain. Like the Roman god of gates and doorways,
the Jaks are ‘two-faced’. The pseudokinase domain is also
termed the JH2 domain. Although it has overall similarity to
kinase domains, the JH2 domain lacks critical residues
that are required for phosphotransferase activity; rather,
the function of this domain appears to be to regulate catalytic activity. Mutations or deletions of this region have
complicated effects that either inhibit or enhance catalytic
function, depending upon the exact mutation generated
[79,80] (Chen M, et al, unpublished data). Importantly,
Jak3 SCID patients have been identified with mutations in
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Structure of Janus kinases (Jaks), signal transducers and activators of
transcription (Stats), and suppressors of cytokine signaling (SOCS).
Regions of homology shared by Jaks have been termed Jak homology
(JH) domains. JH1 is a kinase domain and JH2 is a pseudo-kinase
domain. The amino-terminus of the Jaks appears to be important for
association with cytokine receptors subunits. Stats have a conserved
tyrosine residue, phosphorylation of which allows Stat dimerization; a
src homology (SH2) domain that mediates the dimerization; and an
amino-terminal region that is known to play a role in the dimerization of
Stats dimer. The amino-terminal, carboxy-terminal and coiled-coil
regions of Stats can interact with other transcription factors. SOCS
proteins share a similar strucuture with a central SH2 domain, a region
at the amino-terminus that is variable in both length and in amino acid
sequence, and a region of homology at the carboxy-terminus termed
the ‘SOCS box’.

this region, underscoring its critical function [50]. Another
function suggested for the JH2 domain is as a docking
site for Stats [81].
Although it has not been well characterized for all of the
Jaks, the amino-terminus appears to confer binding to the
appropriate cytokine receptor [79,82–84]. For Jak3, at
least, the amino-terminal JH6 and JH7 domains are sufficient to confer binding specificity to γc [85,86]. For other
Jaks, the amino-terminus is clearly involved in receptor interactions, but may extend beyond the JH6 and JH7 domains
[87,88]. The region of the cytokine receptor to which Jaks
bind has been much better characterized and is found in the
membrane proximal region (reviewed in Ihle, 1995 [28]).
Signal transducing adaptor molecule (STAM), a 70-kDa
adaptor molecule that is phosphorylated in response to IL-2,
IL-4, GM-CSF, epidermal growth factor and platelet-derived
growth factor, binds to both Jak3 and Jak2, and couples
cytokine stimulation to DNA synthesis [89]. STAM is a molecule that associates with Jaks and may enhance the forma-
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tion of Jak–receptor complexes (authors’ unpublished
observations). Two STAM-associated molecules, Hrs and
AMSH, have been hypothesized to act downstream of Jaks
in cytokine signaling pathways [90,91].
Many tyrosine kinases have intrinsic SH2 and SH3
domains that mediate protein–protein interactions.
Although the JH4 domain has overall homology to SH2
domains, mutation of the critical Arg residue, which would
be expected to bind phosphotyrosine, had no effect on
signaling. Thus, the function of this segment remains
unclear at present [15,84].
Binding of cytokines to type I and II receptors has been
suggested to initiate signaling by effecting homodimerization or heterodimerization of the receptor subunits,
which in turn leads to the apposition of Jaks. This may
allow transphosphorylation of the Jaks at sites within
their activation loops, thus enhancing catalytic activity. A
more recently proposed mechanism [92,93] is that
ligand-induced allosteric alteration of the receptor itself
leads to Jak activation. For receptors that heterodimerize
(most of the IL and IFN receptors), heterodimerization of
different Jaks also occurs, and the Jaks are interdependent for activation. For instance, in cells that lack Jak1,
no phosphorylation of Tyk2 or Jak2 was observed upon
stimulation with IFN [60], and conversely no phosphorylation of Jak1 was seen in cells lacking Jak2 or Tyk2. In
Jak3 deficient cells, no phosphorylation of Jak1 occurs in
response to IL-2 [36].
Regardless of the precise mechanism, after activation the
Jaks phosphorylate receptor subunits on tyrosine
residues, enabling the recruitment of proteins with SH2 or
phosphotyrosine binding domains. These proteins are
then phosphorylated by Jaks. A number of signaling pathways, such as the Ras–Raf–MAPK pathway and the phosphoinositide 3′ kinase pathways are activated in response
to cytokines; the significance of these pathways in
immune function has been extensively reviewed elsewhere
and is not discussed here [94–99]. However, the function
of another class of SH2-containing molecules, the Stats,
is discussed in detail.

Stats
By purifying factors bound to promoters of IFN-inducible
genes, Darnell and coworkers [100] cloned the first
members of the Stat family. The IFN-α induced complex
comprised a 91-kDa polypeptide, which later became
known as Stat1; a 113-kDa protein (Stat2); and p48, a
member of the IFN regulatory factor family. An IFN-γ
induced complex, γ activated factor, turned out to be composed of Stat1 only [101].
Following the discovery of Stat1 and Stat2, the cloning of
the remaining family members, Stat3, Stat4, Stat5a,

Stat5b, and Stat6, quickly ensued [9,102–110]. Most
Stats are approximately 750 amino acids long, but Stat2
and Stat 6 are larger (850 amino acids). These transcription factors were immediately recognized as a novel family,
in that they had SH2 domains and were themselves tyrosine phosphorylated. Thus, a new signaling paradigm
emerged (Fig. 2). Stats are latent cytosolic transcription
factors that are recruited to phosphorylated cytokine
receptors via their SH2 domains [111–114]. The Stats
are then phosphorylated themselves by Jaks, they heterodimerize or homodimerize via reciprocal SH2–phosphotyrosine interactions, and translocate to the nucleus to
regulate gene transcription.
Stat structure

In contrast to the Jaks, the structure of the Stat molecules
has been reasonably well characterized [115–117] (Figs 1
and 3). Overall, the structure of the Stats is similar to that of
other transcription factors such as nuclear factor-κB and
p53. The dimeric molecule forms a C-clamp structure
around the DNA, but, unlike nuclear factor-κB and p53,
there are fewer direct contact sites with the DNA backbone.
Rather, the nutcracker-like structure of the Stats is largely
dependent upon SH2–phosphotyrosine interactions. Stats
have a conserved amino-terminal protein–protein interaction
domain, followed by a segment (the coiled-coil domain) with
multiple protruding α-helices. This is followed by the actual
DNA binding domain, a linker domain, the SH2 domain, a
conserved site of tyrosine phosphorylation, and a variable
carboxy-termini transcriptional activation domain.
Amino-terminal dimer–dimer interaction domain

With the exception of Stat6, Stats bind somewhat indiscriminately to the same consensus sequences; it is
notable that clustered imperfect Stat binding sites are
found in a number of relevant cytokine inducible promoters. Even though Stats bind poorly to these sites, cooperative dimer–dimer interactions can occur [118]. This is
mediated by the conserved amino-termini of Stats, which
consists of eight helices that form hook-like structures,
facilitating these interactions. Perhaps unimportant for
Stat binding to a single consensus binding site [119],
these domains appear critical for binding to imperfect
sites [120]. Combinatorial binding might be one mechanism of achieving more specificity in signaling.
Coiled-coil domain and association with other transcription
factors

Consisting of four α-helices, the coiled-coil domain from
amino acids 136–317 provides a structure suitable for
many protein–protein interactions. The coactivator proteins
p48 and p300/CBP have been shown to interact with
Stats through this region [121–125], as well as another
protein, Nmi [126]. Other transcription factors have been
shown to associate with Stats such as the glucocorticoid
receptor (with Stat5a and Stat5b), Sp-1, c-Jun, and
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Figure 2
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Model for cytokine signal transduction. Cytokines associate with
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their src homology (SH)2 domains. The STATs are then
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translocate into the nucleus, where they bind target sequences like γactivated sequence (GAS) motif. Transcriptional activation of genes
typically requires the coordinated function of multiple accessory
transcription factors. Additionally, serine phosphorylation of some Stats
may be important for maximal transcription of target genes.

nuclear factor-κB, but the exact domain interactions have
yet to be mapped [127–132].
DNA binding domain

The DNA binding region of Stats resides within the central
171 amino acids, but relatively few direct contacts exist.
Rather, the clamp-like structure is imparted by phosphotyrosine–SH2 interactions [115,116]. Stats bind two
types of DNA motif: IFN-stimulated response elements
(consensus: AGTTTNCNTTTCC) and γ-activated sequence
elements (consensus: TTCNNNGAA). Stat1, Stat2, and
p48 bind to IFN-stimulated response elements, whereas
Stat1, Stat3, Stat4, Stat5a, and Stat5b bind to γ-activated
sequence element sites. Stat6 binds a similar but distinct
site: TTCNNNNGAA.

The src homology 2 domain and tyrosine phosphorylation site

The SH2 domain (amino acids 600–700) serves two critical
functions: to allow Stats to bind phosphorylated receptor
subunits and be phosphorylated themselves by Jaks on a
conserved tyrosine residue; and to enable Stat dimerization
and DNA binding. The crystal structure of a Stat–DNA
complex underscores the importance of the SH2 domain, as
the SH2–phosphotyrosine interaction forms the hinge of the
clamp that is largely responsible for DNA binding (Fig. 3).
Transcriptional activation domain

Stat1, Stat2, and Stat5 have been documented to have
carboxy-terminal transcriptional activation domains
[119,133–137]. In addition to tyrosine phosphorylation, it
has been shown that Stat1, Stat3, Stat4, and Stat5 are
also phosphorylated on serine residues in response to
cytokine stimulation [133,138,139]. For these proteins, a
conserved site of serine phosphorylation, residing in a consensus sequence for MAPK-mediated phosphorylation has
been mapped within the carboxy-terminal transcriptional
activation domain [135,140] (Visconti et al, unpublished
data). However, the functional significance of Stat serine
phosphorylation and the identity of the kinase(s) responsible for this event remain deeply controversial. Recently, a
large number of reports have been published that link
STAT serine phosphorylation to the activation of various
MAPKs. Notably though, they provide significantly divergent results, perhaps due to the differences in the Stat proteins investigated and in the systems utilized [141–146].
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Thus, it has been reported that p38, which is activated in
response to IFNs, is indispensable for Stat1 serine 727
phosphorylation and transcriptional activity [145]. Accordingly, we have found that IL-12-induced Stat4 serine 721
phosphorylation and transcriptional activity requires p38
activity (Visconti et al, unpublished data). Other findings
indicate that JNKs, but not p38, mediate Stat3 serine 727
phosphorylation in response to various stress treatments
and that this event results in the inhibition of Stat3 activity
[146]. In contrast, it has been shown that both JNKs and
p38 are required for STAT3 transcriptional activity induced
by the Src oncoprotein [143]. Other MAPKs, including
extracellular signal related kinase family members, can also
phosphorylate serine residues in Stat proteins and activate
them [147,148]. Others have found, however, that signaling through the extracellular signal related kinase pathway
can also downregulate Stat activity [149]. The most plausible hypothesis at the moment is that the effect of serine
phosphorylation of Stat proteins depends on the cell type
and on the class of serine kinases activated in response to
different extracellular stimuli.
Nuclear translocation

Stats lack a classic nuclear localization signal, and in
general dimerization of the Stats is believed to be essential
for nuclear localization. This appears not to be sufficient,
however, and sequences in the amino-terminus contribute
to nuclear translocation (and perhaps deactivation, as well)
[150]. For Stat1 at least, nuclear import has been shown to
be dependent upon the activity of the small guanosine
triphosphatase Ran and may involve the importin receptor
[151–154]. One group has hypothesized that Stats may
translocate to the nucleus via the nuclear localization signal
of the ligands or receptors themselves, but the importance
of this possibility remains to be established [155,156].
Finally, regulation of nuclear export of the Stats may also be
an important means of nuclear localization. In any case, it is
very clear that much needs to be learned about the regulation of Stat intracellular trafficking.
Stat function

Stat1

Stat1 has been shown to be activated by the IFNs,
cytokines such as IL-2, IL-6, and IL-10, and noncytokine
signals such as epidermal growth factor (Table 1). Not
surprisingly, Stat1 knockout mice were found to be highly
susceptible to viral and some bacterial infections, reminiscent of defects observed in IFN-α receptor and IFN-γ
receptor knockout mice and IFN-γ receptor deficient
humans [157–160]. Interestingly, defects in signaling by
cytokines other than IFNs have not been reported, but it
does seem to be important for the fibroblast growth
factor-mediated growth inhibition of chondrocytes [161].
A role for IFN-γ signaling through Stat1 for tumor surveillance has recently been underscored. Mice deficient in

Stat1 or the IFN-γ receptor were much more susceptible
to tumor development when challenged with a chemical
carcinogen, and when bred with mice deficient in the
tumor suppressor p53 gene, these mice developed a
broader spectrum of tumors compared with mice lacking
p53 alone [162]. A recent study [163] has shown that
Stat1 deficient mice are unable to clear immunogenic
tumors that their wild-type littermates easily controlled,
and that they are unable to reject poorly immunogenic
tumors when immunized with an IL-12 based vaccine.
Severe defects in lytic activity in both T and natural killer
cells were also noted.
Stat1 has additional functions in regulating apoptosis.
That is, tumor necrosis factor-α dependent apoptosis is
impaired in Stat1 deficient mice because of reduced
expression of the caspases Ice, CPP32, and Ich-1 [164].
Unlike its role in mediating cytokine dependent gene
expression, however, Stat1 dimerization does not appear
to be necessary for the regulation of these genes,
because an SH2 mutant Stat1 supports expression. The
mechanism by which this occurs is obscure, particularly in
view of the structural information present. The importance
of Stat1 in apoptosis mediated by type I cytokines was
further underscored when it was found that Stat1–/– mice
were resistant to virus-induced apoptosis [165].
Stat2

Like Stat1, Stat2 is also activated by interferons; indeed,
only IFN-α/β has been reported to activate Stat2
(Table 1). Unlike other Stats, it requires Stat1 and p48 for
interaction with DNA [166]. As of yet, Stat2 knockout
mice have not been reported, but evidently they are
severely deficient in IFN-α/β signaling, as might be
expected (Schindler C, personal communication).
Stat3

Stat3 was first identified as a factor activated by cytokines
signaling through gp130 (IL-6, leukemia inhibitory factor,
and ciliary neurotropic factor). Stat3 deficiency is embryonically lethal, perhaps due to the absence of leukocyte
inhibiting factor function, as well as its role in maintaining
stem cell pluripotency [167,168]. In contrast, gene targeting of Stat3 only in myeloid cells produced an exaggerated inflammatory response, resulting in premature death
largely due to impaired IL-10 function [169]. These
animals became highly susceptible to endotoxic shock
with increased production of inflammatory cytokines such
as tumor necrosis factor-α, IL-1, IFN-γ, and IL-6. The suppressive effects of IL-10 on the production of inflammatory
cytokines by macrophages and neutrophils was completely abolished, and these mice developed chronic enterocolitis with age. Additionally, these mice manifested an
exaggerated Th1 response, which may also help to explain
the inflammatory bowel disease seen. These results might
suggest a role for abnormal Stat3 signaling in other
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autoimmune processes, but no studies have been published to date. Although it is clear that Stat3 is essential
for appropriate IL-10 signaling, its function for other
cytokines remains unclear because of the embryonic
lethality seen in Stat3 knockout embryos.
Stat4

Stat4 is activated by a limited number of cytokines; IL-12
is the predominant cytokine that activates Stat4 in mice,
whereas in humans both IFN-α/β and IL-12 activate it.
More recently it has been shown that IL-2 is capable of
activating Stat4 in natural killer cells [170]. Of note,
though, Stat4 deficient mice only demonstrate defects of
impaired IL-12 responses (ie defective Th1 development
and impaired cell-mediated immune responses), a phenotype similar to that seen in IL-12 and IL-12 receptor knockout mice and IL-12 receptor deficient humans [171–174].
Although predominantly expressed in lymphoid cells, Stat4
has recently been found to be inducibly expressed in activated macrophages, most notably those found in synovium
from rheumatoid arthritis patients (Frucht et al, submitted).
The target genes of Stat4 in macrophages are currently
unknown, but it is interesting to speculate that
macrophages may provide some functions of cellular
immunity previously assigned only to lymphoid cells.
Stat5

Encoded by two genes, Stat5a and Stat5b share 93%
identity at the protein level [109,175], and are both activated by a plethora of cytokines, including prolactin,
growth hormone, erythropoietin, thrombopoeitin, and IL-2.
The development of knockout mice, however, underscores
the very different biologic functions they each serve;
Stat5a knockout mice have impaired mammary gland
development [176], whereas Stat5b deficient mice are
defective in both sexually dimorphic growth as well as in
growth hormone dependent regulation of liver gene
expression [177].
To assess potential redundancy in function, Stat5a/Stat5b
double knockouts were created [178]; one-third of these
mice died within 48 h of birth, with the surviving mice
developing a smaller than normal body size, which was
apparently due to aberrant growth hormone signaling.
Despite the fact that lymphoid development is normal, T
cells are hyporesponsive to IL-2, and these animals
develop lymphoproliferative disease, similar to that in IL-2,
IL-2 receptor α chain and IL-2 receptor β chain deficient
mice [179]. These results underscore an essential role for
Stat5 for IL-2 signaling; whether Stat5a or Stat5b individually are critical is somewhat controversial at present,
because several studies have clearly shown that IL-2
responsiveness is impaired in either Stat5a or Stat5b deficient mice [180,181]. Clinically, adult females are infertile,
but unlike Jak2 knockout mice, which have no blood, these
animals are only moderately anemic; the severity of

anemia, however, is also a point of contention [182] (Ihle
J, personal communication).
Of additional interest is the current controversy regarding
the role of Stat5 in T-cell receptor-mediated signaling. Initially found not to be involved with T-cell receptor signaling
[183], a more recent study has shown that Stat5 phosphorylation induced by T-cell receptor crosslinking is abolished in lck deficient mice [184]. Other studies [185] have
suggested a role for Stat3 but not Stat5 in T-cell receptormediated signaling; the different results may reflect the different model systems used. Nonetheless, the potential
significance of antigen-mediated signaling through the
Stats remains intriguing.
Stat6

Stat6 was originally identified as an IL-4 inducible transcription factor [106]. It was therefore not surprising to
find that Stat6 deficient mice failed to develop Th2 immunity in response to IL-4 or IL-13, were unable to upregulate cell surface expression of major histocompatibility
complex class II, CD23, or IL-4 receptor α chain in
response to IL-4, and failed to produce immunoglobulin E
in response to cross-linking of surface immunoglobulin D
[186–189]. Accordingly, lack of Stat6 dramatically attenuates allergic and asthmatic diseases in several animal
models [190–193]. Stat6 deficient animals are also
unable to clear parasites [194]. Remarkably, a recent
study of Stat6 knockout mice in a murine acquired
immune deficiency syndrome model revealed normal
serum immunoglobulin E levels and lymphoproliferation,
indicating that B cells from mice with murine acquired
immune deficiency syndrome activate unique IL-4-independent and STAT6-independent signaling pathways for
B-cell activation and differentiation [195].
The generation of Stat4/Stat6 double knockout mice has
provided an interesting model system for the study of
Th1/Th2 differentiation, a complex and exciting topic in
immunology today. Interestingly, these mice develop Th1
responses, suggesting that Stat4 may be dispensable for
Th1 differentiation in the absence of Th2 responses [196].
Activation of signal transducers and activators of transcription
by noncytokine receptors

As with the Jaks, ligation of many receptors has been
reported to activate various Stats. As discussed above, Tcell receptor crosslinking, for instance, has been reported
to activate Stats, but this remains controversial [179,184,
197]. Less controversial are the findings that epidermal
growth factor, angiotensin II, and other ligands activate
Stats [198–203]. Through the use of knockout mice or
deficient cells, however, the essential function of a specific Stat for a noncytokine stimulus has yet to be established; this is clearly the major challenge in this area. It
should be noted, though, that Stats are evolutionarily very
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old. Several Dictyostelium Stats have been identifed, but
this organism has not been reported to have Jaks [204,
205]. If this is the case, it would add credence to the
notion that Stats have broader functions beyond type I and
II cytokine signaling mediated by Jaks. Interestingly, v-src
and other oncogenes have been reported to activate Stats
and, importantly, a dominant-negative Stat3 construct has
been shown to block transformation [206]. Conversely, a
gain-of-function Stat3 construct is transforming [207]. The
importance of Stats in malignant transformation will need
to be established using knockout animals, but this is
clearly an exciting area.

Attenuation of cytokine signaling
Equally as important as the ability to initiate cytokine signaling is the ability to terminate it. Indeed, one might speculate that this will be more important in terms of the
pathogenesis of human autoimmune diseases. The ability
to regulate cytokine signaling occurs by multiple proposed
mechanisms. These include the following: phosphatases,
cytokine-inducible inhibitor molecules, transcriptional
repressors, and Stat degradation (Fig. 4).
Phosphatases

It is well recognized that cytokine-induced phosphorylation of
various substrates, including the Jaks, cytokine receptors,
and the Stats, is transient. The tyrosine phosphatase SHP-1
has been hypothesized as one regulator that can interact
with cytokine receptors and downregulate their function
[208–210]. Interestingly, motheaten and viable motheaten
mice have a mutation in the gene that encodes SHP-1 and
exhibit many characteristics of systemic autoimmunity
[211–213]. Motheaten mice are characterized by increased
levels of plasma cells in secondary lymphoid organs with
abnormal levels of immunoglobulins and elevated serum antidouble-stranded DNA antibodies, a peripheral neutrophilia
and monocytosis, decreased erythropoiesis, neutrophilic skin
lesions, and a severe pneumonitis that is induced by activated macrophages. These mice rarely live beyond 8 weeks
[214]. This striking presentation of autoimmune phenomena
suggests that some manifestations of human disease might
also be a result of aberrant downregulation of cytokine signaling. The regulation of cytokine signaling via SHP-1 is also
important in bone remodeling, because motheaten mice
have recently been shown to develop osteopenia due to a
lack of SHP-1 mediated control of bone resorption [215].
Whether SHP-1 or another nuclear tyrosine phosphatase
is responsible for Stat dephosphorylation is not clear.
Indeed, one might speculate that a nuclear phosphatase
would be required. Because some Stats are also serine
phosphorylated, it is also reasonable to expect that a
serine phosphatase might also regulate Stat function.
Alternatively, it has been suggested that degradation of
Stats via ubiquitination is also a means of terminating Stat
induced signaling [216].

Suppressor of cytokine signaling/Jak binding/Stat-induced
Stat inhibitor/cytokine inducible SH2 protein family of
inhibitors

A recently described family of SH2-containing molecules
[alternatively named Jak binding, SOCS, Stat-induced
Stat inhibitor and cytokine inducible SH2 protein (CIS)]
comprises several molecules that are induced rapidly
upon cytokine stimulation and serve as classic feedback
inhibitors of signaling [11,217–220]. There are at least
eight members of this family characterized by a central
SH2 domain and a carboxy-terminal region of homology,
termed the ‘SOCS box’ (Fig. 1); for the purpose of this
paper, this family will be referred to as the ‘SOCS’ family.
The exact function of this region remains unclear at
present, but a recent study [221] has shown that the
SOCS box mediates interactions with elongins B and C.
In this manner, they may couple SOCS proteins and their
activated substrates to the proteasomal protein degradation pathway. The proteins SOCS-1, SOCS-3, and CIS-1
have been the most carefully studied in terms of regulating
cytokine signaling, and this is discussed further.
The first member of this family, CIS, was discovered in
1995 and was shown to associate with the IL-3 and erythropoietin receptors [217]. Subsequently, three different
groups identified the second family member (named
SOCS-1, Jak binding, or Stat-induced Stat inhibitor-1)
based on its ability to interact with Jaks and/or inhibit Jak
mediated Stat activation [218,219]. Via their SH2
domains, some SOCS members bind the phosphorylated
activation loop tyrosine residue in Jaks, thereby inhibiting
Jak activity [219,222].
The importance of this downregulation is highlighted in
SOCS-1 knockout mice, which have marked growth retardation, display increased lymphocyte apoptosis, and perish
within 3 weeks of birth [223,224]. Two very recent studies of
these animals have shown that this lethality is due almost
entirely to systemic hyper-responsiveness to IFN-γ and that
aberrant T lymphocytes may be the source of the IFN-γ
[225,226]. Although these mice have enhanced IFN-γ dependent ability to kill Leishmania major parasites, they exhibit
exaggerated and lethal responses to viral infections. Deficiency of SOCS-1 also results in impaired lymphopoiesis, as
thymi from these animals undergo a loss of cellularity and a
switch from predominantly CD4+CD8+ to single positive
cells. Additionally, peripheral T cells express activation
markers and respond to IL-2 in the absence of T-cell receptor
cross-linking. The relative specificity of SOCS-1 for IFN-γ signaling in this model is underscored by experiments that
demonstrate that all pathology can be prevented by administering anti-IFN-γ antibodies or by crossing the mice with IFN-γ
knockout mice. Clearly, the main role of SOCS-1, therefore, is
to prevent uncontrolled and lethal IFN-γ signaling. It is interesting to speculate that SOCS-1 mutations or polymorphisms
could potentially underlie immunologic diseases in humans.
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ing the leptin, growth hormone, and prolactin signaling
pathways [232–234], but findings in SOCS knockout mice
do not necessarily support a critical function.

Figure 4
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Protein inhibitors of activated Stats

Recently, a family of proteins that interact with Stats,
termed protein inhibitors of activated Stats (PIAS), have
been identified [235,236]. PIAS1 and PIAS3 bind to
Stat1 and Stat3, respectively. They inhibit transcriptional
activity of the Stats, but do not affect phosphorylation. Just
how specific they are in terms of regulating cytokine signaling has not been determined; no knockouts have yet
been reported. In addition, these molecules were cloned
by yeast two-hybrid screens using baits other than Stat
molecules, and therefore may affect proteins other than
Stats. Thus, it will be important to characterize the physiologic function of this family of molecules.

Bcl-6

Bcl-6
Attenuation of cytokine signaling. Suppressor of cytokine signaling
(SOCS) proteins are induced in response to cytokines and suppress
signal transduction in two ways. Some SOCS proteins bind directly to
janus kinases (Jaks) and inhibit their catalytic activity, whereas others
like cytokine inducible src homology-2 protein (CIS) can bind to
activated receptors and prevent docking by signaling intermediates
such as the Stats. SHP-1 can either dephosphorylate Jaks or activated
receptor subunits, depending upon the pathway activated. Protein
inhibitors of activated Stats (PIAS) family members inactivate Stat
dimers by an as yet unknown mechanism. Stat dimers are also
probably downregulated by degradation and dephosphorylated by
unknown mechanisms. The accumulation of STATs in the nucleus
could be regulated at the level of nuclear import, nuclear export, or a
combination of the two; the mechanisms that control these processes
are not well characterized. Finally, molecules like Bcl-6 can bind to
consensus Stat binding sites and function as repressors.

Bcl-6, a zinc-finger protein expressed in B cells and CD4+
T cells and frequently associated with non-Hodgkin’s lymphoma, has also been recently shown to regulate Stat
function negatively. Bcl-6 deficient mice develop a severe
systemic inflammatory disease typical of a Th2-mediated
hyperimmune response, which is characterized by infiltrates of immunoglobulin E-bearing B cells and eosinophils
[237]. Because the Bcl-6 DNA recognition motif resembles sites bound by Stat6, it was surprising to find that
when Bcl-6 mice were bred to either Stat6 or IL-4 deficient
mice, the animals still manifested the same hyperinflammatory process. In vitro, however, Stat6 was required for the
differentiation of Bcl-6 deficient T cells into Th2 cells.
These findings indicate that this transcriptional repressor
can regulate Th2 responses by pathways both dependent
on and independent of IL-4 and Stat6 [238].

Conclusion
SOCS-3 is another family member that has been shown in
vitro to interact with the Jaks to regulate Stat activation
[222,227,228]. However, a recent study in SOCS-3 deficient mice reveals the critical role for this protein in downregulating fetal, but not adult, hematopoiesis [229]. This
suggests a more specific role for SOCS-3 in Jak2 regulation, because Jak2 knockout mice have hematopoietic disorders as well [66]. CIS-1, another member of this family,
may downregulate cytokine signaling by binding directly to
receptors, rather than Jaks. In this regard, CIS-1 has been
shown to interact with the IL-2 receptor β chain and inhibit
IL-2 dependent signaling [230]. Recently, CIS-1 transgenic
mice have been created, and their phenotype is remarkably
similar to those of Stat5a and Stat5b knockout mice, indicating the critical role of CIS-1 as a negative regulator of
Stat5 function [231]. It is becoming more evident with time
that in vivo models are necessary to dissect the specificity
of SOCS interactions. Also, we are learning that SOCS
members may play a role in noncytokine signaling, includ-

The Jaks are a small family of tyrosine kinases with very
specific functions; these are best illustrated by humans
with mutations and gene-targeted mice. The present
data indicate that they have critical functions in transmitting cytokine-dependent signals. The Stats, too, appear
to be a small, but conserved family of transcription
factors that serve to further transmit signals initiated by
receptor–Jak interactions, also with highly specific functions. Indeed, at least four of the six Stats have major
functions in regulating host defense and immune
responses. Although we have learned a great deal about
the cytokine signaling pathways, relatively few cytokineinducible genes have been identified. This, of course, will
rapidly change with the advent of microarray and gene
chip technologies. The challenge will remain to dissect
how Stats interact with the growing list of other transcription factors to regulate the expression of these
genes and how signals emanating from cytokine receptors affect transcriptional activation. Another important
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issue that needs to be resolved is to what extent Jaks
and Stats function as essential intermediates for noncytokine receptors. Equally exciting as the discovery of the
Jaks and Stats is the discovery of families of molecules
that serve to attenuate cytokine signalling; it is exciting to
consider that these molecules might be mutated or polymorphic in human autoimmune diseases.
A knowledge of these signaling pathways is of particular
importance to rheumatologists, because cytokines clearly
regulate the inflammatory and immune responses. One
significant lesson gleaned from these investigations is that
cytokines may act as a double-edged sword: That is,
although cytokines play important physiologic roles in promoting immune development and fighting off infections,
maladapted cytokine responses can lead to autoimmunity.
Perhaps a clearer understanding of how members of the
Jak and Stat families, as well as the more recently discovered SOCS family members, interact and function may
allow us to target specific pathways, such as those involving proinflammatory cytokines including IFN-γ or IL-6, for
therapeutic intervention. Knowledge in cytokine signaling
pathways has grown exponentially over the past decade
and, conceivably, manipulation of these pathways through
pharmaceutical intervention may provide the rheumatologist with a unique way to treat autoimmune diseases.
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