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Cytokines have essential roles in the control of immune
responses. The biological functions of cytokines mainly
depend on cytokine-mediated gene activation or repres-
sion. Studies on gene induction by interferons (IFNs) led
to the discovery of the Janus kinase (JAK)–signal trans-
ducer and activator of transcription (STAT) pathway1,
which has since been shown to be a common signalling
pathway used by many cytokines. The binding of a
cytokine to its cell-surface receptor results in receptor
dimerization and the subsequent activation of JAK tyro-
sine kinases, which are constitutively associated with the
receptor. Specific tyrosine residues on the receptor are
then phosphorylated by activated JAKs and serve as
docking sites for a family of latent cytoplasmic transcrip-
tion factors known as STATs. STATs are phosphorylated
by JAKs, then dimerize and subsequently leave the recep-
tor and translocate to the nucleus, where they activate
gene transcription2,3 (FIG. 1a).

The mammalian JAK family has four members:
JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2)4. Each
contains a conserved kinase domain and a related, but
catalytically inactivate, pseudo-kinase domain at the
carboxyl terminus (FIG. 1b). The pseudo-kinase domain
might regulate the kinase activity of JAKs.

There are seven mammalian STATs: STAT1, STAT2,
STAT3, STAT4, STAT5A, STAT5B and STAT6 (REF. 2),
which are highly homologous in several regions (FIG. 1c),
including a SRC homology 2 (SH2) domain, which is
involved in the activation and dimerization of STATs5,6, a
DNA-binding domain7, and a transacivation domain ,

which is located at the carboxyl terminus8,9. The amino-
terminal region of STATs is involved in regulating STAT
activity, such as the formation of STAT tetramers10 and
tyrosine dephosphorylation11.

Genetic knockout studies have shown that JAKs
and STATs have highly specific functions in the con-
trol of various immune responses12–14 (TABLE 1).
Recent studies have shown that JAK–STAT signalling
can be regulated at many steps through distinct
mechanisms. Key regulators include the suppressor
of cytokine signalling (SOCS) proteins and the
recently discovered protein inhibitor of activated
STAT (PIAS) family, as well as various protein tyro-
sine phosphatases (PTPs). The modulation of JAKs
and STATs by various protein modifications and the
cross-talk between different JAK–STAT pathways and
other cellular signalling pathways provide additional
levels of regulation that might be crucial. This review
discusses the latest insights into how these various
mechanisms regulate JAK–STAT signalling in the
immune system.

The regulation of JAKs

JAKs are mainly regulated at the post-translational
level through various mechanisms (FIG. 2).

Regulation of JAKs by the SOCS proteins. SOCS pro-
teins are the most thoroughly studied regulators of
JAK–STAT signalling. Biochemical and genetic studies
have clearly shown a crucial role for SOCS proteins in
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involvement of SOCS proteins in the degradation of sig-
nalling proteins through the ubiquitin-proteasome
pathway (BOX 1) has also been suggested. The SOCS box
can bind to elongins B and C, which are known compo-
nents of a ubiquitin E3 ligase complex26,27. So, SOCS 
proteins might target signalling proteins for degradation.

The regulation of SOCS3 by cytokines can also
occur at the post-translational level. It has been docu-
mented that SOCS3 becomes rapidly phosphorylated
at residues Tyr204 and Tyr221, which are present in the
conserved SOCS box, by JAKs and receptor tyrosine
kinases in response to certain cytokine and growth-
factor stimulation28,29. Mutational studies indicate that
tyrosine phosphorylation of SOCS3 accelerates the
degradation of SOCS3 protein, thereby regulating
feedback inhibition of JAK–STAT signalling30.

Gene-targeting studies indicate that SOCS1 and
SOCS3 have essential roles in the regulation of immune
functions (TABLE 1). Socs1–/– mice die within three weeks
of birth, mainly due to dysregulated IFN-γ responses31–34.
Socs1–/– mice show lymphopaenia, increased apoptosis
in lymphoid organs and increased levels of IFN-γ in the
serum. Socs3 knockout is embryonic lethal, probably
due to placental insufficiency and erythrocytosis35–37.
Conditional Socs3 gene-targeting studies have shown an
important role for SOCS3 in the negative regulation of
interleukin-6 (IL-6) signalling in macrophages38–40.
Earlier studies indicated that both SOCS1 and SOCS3
are induced by IFΝ-γ and IL-6, and both can inhibit
IFN-γ and IL-6 responses. However, recent genetic stud-
ies have shown an unexpected in vivo specificity of
SOCS1 and SOCS3 in the regulation of cytokine sig-
nalling. In Socs3–/– macrophages, the activation of STAT1
by IL-6 is prolonged, whereas the activation of STAT1 by
IFN-γ is normal38–40. By contrast, in Socs1–/– macro-
phages, the opposite is true. In addition, although STAT3
is activated by both IL-6 and IL-10, the tyrosine phos-
phorylation of STAT3 induced by IL-6, but not IL-10, is
prolonged in Socs3–/– macrophages. So, SOCS proteins
have specificity for cytokines, but not JAKs or STATs.

An interesting property of SOCS proteins is that they
specifically affect the kinetics of JAK–STAT-signalling ter-
mination, but have no effect on the initial activation
process or signalling strength.As a result, prolonged STAT
activation induced by cytokines is observed in the absence
of SOCS proteins. As discussed later, prolonged STAT
activation might lead to altered cytokine responses. In
fact, microarray analysis shows that the gene-activation
profile induced by IL-6 mimics that induced by IFN-γ in
Socs3–/– cells, indicating a role for SOCS3 in the control
of cytokine-response specificity38,39. A similar alteration
of the IL-6 response has also been observed in Stat3–/–

cells, in which STAT1 activation is prolonged41.
SOCS proteins have also been implicated in cross-

talk between different cytokine-signalling pathways, as
discussed later.

Regulation of JAKs by protein tyrosine phosphotases.

Several PTPs have been indicated to regulate JAKs,
including SHP1, SHP2, CD45, PTP1B and T-cell PTP
(TCPTP). SHP1 and SHP2 are SH2-domain-containing

the immune system. The SOCS family of proteins has
eight members: CIS (cytokine-inducible SH2 domain
protein) and SOCS1–SOCS7 (REFS 15,16). SOCS proteins
contain an SH2 domain, which is flanked by a variable
amino-terminal domain and a carboxy-terminal SOCS
box17 (FIG. 3a). Among the SOCS family, the roles of
SOCS1, SOCS2, SOCS3 and CIS have been well studied
in the regulation of JAK–STAT signalling18. These SOCS
proteins are generally expressed at low levels in unstimu-
lated cells and become rapidly induced by cytokines,
thereby inhibiting JAK–STAT signalling and forming a
classic negative-feedback loop19. SOCS proteins inhibit
cytokine signalling through distinct mechanisms (FIG. 3b).
The SH2 domain of SOCS1 binds directly to tyrosine
phosphorylated JAKs, resulting in the direct inhibition of
JAK activity20–22. However, the inhibition of JAKs by
SOCS3 requires binding of SOCS3 to the activated
receptor23,24. Instead of acting on JAKs, CIS seems to
inhibit STAT activation by competing with STATs for
binding to the receptor docking sites25. Finally, the

STAT

STAT Y

Y

P
P

STAT

STAT Y

Y

P
P

Nucleus

Cytokine
Cytokine receptor

JAKJAK

Transcription

STAT Y

a

P

JH7
JAK N

P

C
JH6 JH5 JH4 JH3 JH2 JH1

Pseudo-kinase
domain

Kinase
domain

Y Y

P

Amino-terminal
domain

Coiled-coil
domain

DNA-binding
domain

Linker
domain

SH2
domain

Transactivation
domain

STAT N

P

CY S

SUMOAceISG15Met

b

c

? ?

Figure 1 | The JAK–STAT pathway. a | A schematic representation of the Janus kinase

(JAK)–signal transducer and activator of transcription (STAT) pathway. The activation of JAKs

after cytokine stimulation results in the phosphorylation of STATs, which then dimerize and

translocate to the nucleus to activate gene transcription. b | The domain structure of JAKs. 

The domains JH1–JH7 are based on sequence similarity of four known JAKs. JH1 is the kinase

domain, which contains two tyrosines that can be phosphorylated after ligand stimulation. JH2 

is the pseudo-kinase domain. The JH6 and JH7 domains mediate the binding of JAKs to

receptors. c | The domain structure of STATs. The activity of STATs can be regulated by protein
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JAK2 and TYK2, but not JAK1, can serve as substrates of
PTP1B49, and increased JAK2 phosphorylation has
been observed in Ptp1b–/– mouse embryo fibroblasts.
In addition, PTP1B has been implicated in the negative
regulation of LEPTIN signalling, possibly by targeting
JAK2 (REFS 50,51). However, no immunological pheno-
type of PTP1B has been reported. TCPTP can dephos-
phorylate JAK1 and JAK3 (REF. 52), and in TCPTP–/–

macrophages, an enhancement of IFN-γ-induced
tyrosine phosphorylation of JAK1, but not JAK2, is
observed. So, many PTPs participate in the dephos-
phorylation of JAKs (TABLE 2). Gene-targeting studies
support the importance of these PTPs in the regulation
of cytokine signalling (TABLE 1).

Regulation of JAKs by ubiquitylation and ISGylation.

The ubiquitin–proteasome pathway (BOX 1) has been
implicated in regulating JAK–STAT signalling. JAK2 is
ubiquitylated in vivo and in vitro53, and IL-3 and IFN-γ
stimulation enhances the polyubiquitylation of JAK2.
Interestingly, tyrosine phosphorylation of JAK2 is
found to be required for its efficient ubiquitylation.
Polyubiquitylated JAK2 is rapidly degraded. Co-expres-
sion of SOCS1, but not SOCS3, promotes the degrada-
tion of ubiquitylated JAK2. The SOCS box of SOCS1,
which interacts with elongins B and C, is required for
the ubiquitylation of JAK2. So, the stability of JAK2
seems to be regulated by a SOCS1-mediated ubiqui-
tin–proteasome pathway. Clearly, further studies are

PTPs42. SHP1 is mainly expressed by haematopoietic
cells and has been shown to be physically associated
with the IL-3 receptor β chain, the c-KIT receptor, and
the erythropoietin receptor (EPOR). Cells expressing 
a mutant EPOR that is defective in SHP1 binding 
are hypersensitive to EPO and have prolonged EPO-
induced autophosphorylation of JAK2, indicating a role
for SHP1 in the dephosphorylation of JAK2 (REF. 43).
SHP1 is also involved in the dephosphorylation of
JAK1. The IFN-α-induced tyrosine phosphorylation of
JAK1, but not TYK2, is enhanced in SHP1–/– macro-
phages44. Genetic studies indicate that SHP2 is involved
in the negative regulation of JAK1. In SHP2–/– fibrob-
lasts, the level of JAK1 tyrosine phosphorylation after
IFN-γ stimulation is increased45.

CD45 is a receptor PTP that is highly expressed by
haematopoietic cells and has a crucial role in antigen-
receptor signalling in T and B cells46. CD45 can
directly bind and dephosphorylate all JAKs47, and
enhanced JAK phosphorylation is observed in CD45–/–

cells. The removal of CD45 increases the formation of
erythroid colonies and antiviral activity, which is con-
sistent with a role for CD45 in the negative regulation
of EPO and IFN signalling. However, further studies
are required to understand fully the importance of
CD45 in the regulation of cytokine signalling under
physiological conditions.

PTP1B and TCPTP — two highly related PTPs48 —
have also been suggested to dephosphorylate JAKs.

LEPTIN

A hormone that regulates energy

homeostasis and body weight.

Leptin is mainly produced in

white adipose tissue. Leptin

binds to its receptor to signal

through the JAK–STAT pathway.

Table 1 | In vivo immunological functions of the JAK–STAT signalling components and regulators

Gene Phenotype of null mice References

Jak Reviewed in 12–14
Jak1 Perinatal lethality, defects in lymphoid development
Jak2 Embryonic lethality, failure of erythropoiesis
Jak3 SCID caused by cytokine-signalling defects from γ

c
-containing receptors

Tyk2 Hypersensitivity to pathogens due to interferon- and IL-12-signalling defects

Stat Reviewed in 12–14
Stat1 Impaired interferon signalling, susceptibility to viral infections
Stat2 Impaired interferon signalling
Stat3 Embryonic lethality, impaired responses to pathogens, cell-survival defects
Stat4 Defects in T

H
1-cell differentiation, impaired IL-12 pathway

Stat5a Defects in mammary-gland development, impaired prolactin signalling
Stat5b Growth-hormone pathway defects, defective NK-cell-mediated proliferation 

and cytolytic activity.
Stat5a/5b No NK cells, impaired IL-2-induced T-cell proliferation
Stat6 Defects in T

H
2-cell differentiation, impaired IL-4/IL-13 pathway

Socs Reviewed in 18
Cis Normal
Socs1 Perinatal lethality, interferon-γ overproduction, lymphopaenia, increased 

apoptosis in lymphoid organs, hypersensitivity to LPS
Socs2 Gigantism, dysregulated growth hormone and Igf1 signalling
Socs3 Embryonic lethality, placental and haematopoietic defects

Ptp
Tcptp Haematopoietic defects, impaired T- and B-cell functions 137
Ptp1b Hypersensitivity to insulin, defects in leptin signalling, no immunological 50,138

phenotype has been reported
Shp1 Severe immune dysfunction, hyperproliferation of myeloid cells, anaemia 139,140
Shp2 Embryonic lethality, haematopoietic defects 141
Cd45 Defects in thymic development due to enhanced apoptosis and dysfunctional 47,142,143

TCR signalling, increased erythroid-colony formation, enhanced antiviral activity

Cis, cytokine-inducible SRC homology 2 (SH2) protein; γ
c
, common cytokine receptor γ chain; Igf1, insulin-like growth factor 1; 

IL, interleukin; Jak, Janus-family kinase; LPS, lipopolysaccharide; NK, natural killer; Ptp, protein tyrosine phosphatase; SCID, severe
combined immunodeficiency; Shp, SH2-domain-containing PTP; Socs, suppressor of cytokine signalling; Stat, signal transducer and
activator of transcription; Tcptp, T-cell PTP; TCR, T-cell receptor; T

H
, T helper; Tyk2, tyrosine kinase 2.
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in prolonged STAT1 tyrosine phosphorylation, DNA
binding and STAT1-dependent gene activation in
response to IFN-β stimulation.As a result, Ubp43–/– mice
are hypersensitive to challenge with type I IFNs58.
Increased ISGylation of JAK1 and STAT1 has been
detected in Ubp43–/– cells56. The exact ISGylation site(s)
of JAK1 or STAT1 has not been identified, nor is it
known how the activity of JAK1 or STAT1 is regulated by
ISGylation. Nevertheless, ISGylation seems to act as part
of a classic positive-feedback loop in the regulation of
JAK–STAT pathways.

Additional mechanisms to regulate JAKs might also
exist. For example, the SH2-B family of putative adaptor
proteins has been implicated in the differential regulation
of JAKs59. It will be interesting to examine the significance
of these adaptor molecules in the regulation of JAKs.

The regulation of STATs

Regulation of STATs by protein modifications. STATs can
be post-translationally modified by phosphorylation,
methylation, acetylation, ubiquitylation, ISGylation and
sumoylation, the most important of which is tyrosine
phosphorylation60,61.After cytokine-receptor stimulation,
STATs are tyrosine phosphorylated on a single conserved
residue. The tyrosine phosphorylation of STATs is
required for their dimerization, nuclear translocation and
DNA binding8. So, tyrosine phosphorylation functions as
a switching signal to activate STATs. Recently, it has been
shown that tyrosine phosphorylated STAT1 needs to be
dephosphorylated to leave the nucleus, indicating a role
for tyrosine phosphorylation in the nuclear retention of
STAT1 (REFS 62–64).

STAT1, STAT3, STAT4, STAT5A and STAT5B are also
modified by serine phosphorylation3. Serine phosphory-
lation of STATs seems to be independent of their tyrosine
phosphorylation. STAT1 is phosphorylated at Ser727,
which is a potential mitogen-activated protein kinase
(MAPK) site65,66. This serine is constitutively phosphory-
lated and the level of phosphorylation can be further
increased in certain cells. Most importantly, mutational
analysis indicates that the serine phosphorylation of
STAT1 is required for the maximum induction of IFN-
responsive genes. Several serine kinases have been impli-
cated in the phosphorylation of STATs. These include
extracellular signal-regulated protein kinase (ERK), p38,
JUN N-terminal kinase (JNK), and protein kinase Cδ
(PKCδ)67,68. It seems that different kinases might be used
under different conditions.Recently, calcium/calmodulin-
dependent kinase II (CAMK2) has been identified as a
potential kinase involved in STAT1 serine phosphorylation
in response to IFN-γ69.

STAT1 can be methylated on Arg31 by protein argi-
nine methyl-transferase 1 (PRMT1), which has also been
found to be associated with the IFN-α/β receptor70–72. The
arginine methylation of STAT1 occurs constitutively,
independent of tyrosine or serine phosphorylation.
Methylation of STAT1 increases its DNA-binding activity,
possibly due to inhibition of the interaction of PIAS1
with non-methylated STAT1 (REF. 70). Whether other
STATs are also regulated by protein methylation remains
to be determined.

required to understand the precise contribution of pro-
tein ubiquitylation to the regulation of JAKs under
physiological conditions.

Recently, modification of JAKs by conjugation to
interferon-stimulated gene 15 (ISG15) — a ubiquitin-
like protein group (BOX 1) — has been documented.
ISG15 is one of the most strongly induced gene products
by type I IFNs, viral infection and lipopolysaccharide
(LPS) stimulation54,55. However, the identity of ISGylated
proteins and the biological role of ISGylation are poorly
understood. Using high-throughput immunoblotting
screening analysis, several ISGylated proteins have been
identified, among which are JAK1 and STAT1 (REF. 56).
The biological role of ISGylation in the regulation of
JAK–STAT signalling has been shown by gene-targeting
studies. UBP43 (also known as ubiquitin-specific pro-
tease 18, USP18) — a member of the ubiquitin-protease
family — is an important protease that removes ISG15
from ISGylated proteins57. Deficiency of UBP43 results
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Paramyxovirus family of RNA viruses encode a pro-
tein known as V that induces polyubiquitylation and
proteasomal degradation of STATs. Interestingly,
simian virus 5 targets STAT1 for degradation, whereas
type II human parainfluenza virus targets STAT2 for
degradation. In addition, mumps virus induces the
degradation of STAT1 and STAT3. The V proteins func-
tion by promoting the formation of STAT-directed
ubiquitin E3 ligase complexes76–79.

As discussed earlier, modification of STAT1 by
ISGylation has been reported56. Genetic studies have
shown a positive regulatory role for protein ISGylation
in the regulation of JAK–STAT signalling58, but the
exact role of STAT1 ISGylation in the regulation of
STAT1 activity remains to be determined. Based on the
finding that PIAS proteins have SUMO (small ubiquitin-
related modifier) E3 ligase activity (discussed later),
studies have been carried out to examine whether
STATs are sumoylated. SUMO is a ubiquitin-related
molecule and protein–SUMO conjugation (sumoyla-
tion) has been suggested to have various functions,
including regulating the activity of transcription factors
(BOX 1). Recently, it has been shown that STAT1 can be
sumoylated on Lys703, which can be strongly enhanced
by PIAS proteins80,81. In addition, treatment with IFN-γ
seems to induce STAT1 sumoylation81. However, con-
tradictory results have been reported on the potential
role of STAT1 sumoylation. Rogers et al.80 showed that
the mutation of Lys703 to Arg703 did not affect the
activation of STAT1 or the ability of PIAS1 to repress
STAT1-mediated gene activation, whereas Ungureanu
et al.81 showed that the same mutation resulted in
increased STAT1-dependent gene activation in response
to IFN-γ81. Further studies are required to clarify
whether sumoylation has a role in regulating STAT1
function under physiological conditions.

Regulation of STATs by the PIAS family. PIAS1 (also
known as Gu-binding protein, GBP)82,83 was identified
by yeast two-hybrid assays using STAT1β as the ‘bait’.
Other members of the PIAS family were subsequently
identified through searching the expressed sequence tag
(EST) database and complementary DNA screening.
The mammalian PIAS family consists of four members:
PIAS1, PIAS3, PIASX and PIASY84. Different splicing
variants of PIAS proteins exist. PIAS3β (otherwise
known as potassium-channel-associated protein,
KChAP) contains a small insertion of 39 amino acids
that is absent from the original isolated PIAS3 clone85.
PIASXα (androgen receptor interaction protein 3,ARIP3)
and PIASXβ (Msx-interacting-zinc finger protein 1,
MIZ1) are identical, except for their carboxy-terminal
regions82,86,87. The most highly conserved domain of the
PIAS family is a RING-finger-like zinc-binding domain
(RLD) in the central part of PIAS (BOX 2). In addition, a
putative domain known as SAP (scaffold attachment fac-
tor A/B (SAF-A/B), acinus and PIAS)88 is localized at the
amino-terminus of PIAS. The SAP domain of SAF-A/B
has been shown to recognize and bind specifically to
scaffold/matrix attachment regions (S/MARs) — the
chromatin regions that bind the nuclear matrix89.

STATs cooperate with the histone acetyltransferase
cAMP response element-binding protein (CREB)-
binding protein (CBP)/p300 for gene activation.
Acetylation of STAT6 by CBP/p300 has been reported,
but the site of such acetylation has not been deter-
mined73,74. In addition to CBP/p300, STAT2 recruits the
acetyltransferase general control non-repressed 5 (GCN5)
to regulate transcription. It remains to be determined
whether other STATs are modified by acetylation.

STATs can be post-translationally modified by
ubiquitin and ubiquitin-related molecules. Poly-
ubiquitylation of STAT1 has been described75,
although it seems that this does not have an important
role in regulating STAT1 activity2. However, certain
viruses evade the immune system by targeting STATs
for degradation through the polyubiquitin–proteasome
pathway. Members of the Rubulavirus genus of the
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STAT1-dependent transcription without affecting the
DNA-binding activity of STAT4 and STAT1 (REFS 91,92).
The interaction of PIAS proteins with histone deactylases
(HDACs) has been described. PIASX has been shown to
interact with HDAX3 (REF. 95). In addition, the ability of
PIASX to inhibit IL-12-induced STAT4-dependent gene
activation is abolished by TSA — a HDAC inhibitor91.
PIASY has also been found to interact with HDAC1 
(REF. 96). So, it is probable that PIASX and PIASY function
as transcriptional co-repressors of STATs, possibly by
recruiting HDACs and other co-repressor molecules.
Interestingly, PIAS proteins have been shown to have
SUMO E3 ligase activity97,98. It has been suggested that
PIAS proteins might regulate transcription by pro-
moting SUMO conjugation of transcription factors.
As discussed earlier, recent studies indicate that STAT1
can be sumoylated by PIAS proteins, but the role of
sumoylation in the regulation of STAT1 activity remains
to be clarified80,81. PIAS proteins have also been shown to
regulate other transcription factors through similar
molecular mechanisms. These transcription factors
include the tumour suppressor p53, the androgen receptor
and the transforming growth factor-β (TGF-β) sig-
nalling protein SMAD. In addition, an interesting mech-
anism has been proposed for the inhibition of lymphoid
enhancer factor 1 (LEF1) — the Wnt-responsive tran-
scription factor. It has been proposed that PIASY might
repress the transcriptional activity of LEF1 by seques-
tering LEF1 in distinct subnuclear localizations through
the PIASY SAP domain99. However, this mechanism of
action has not been shown for the inhibition of STATs by
PIAS proteins. Interestingly, members of the PIAS family
have also been shown to enhance the transcriptional
activity of some transcription factors, such as the andro-
gen receptor, under certain conditions100. How PIAS
proteins can activate transcription is not understood.

Genetic studies indicate that the Drosophila PIAS
(dPIAS; otherwise known as Zimp) negatively regulates
the JAK–STAT pathway in Drosophila101. Biochemical
studies indicate that there is specificity as well as
redundancy in PIAS-mediated inhibition of STATs
(TABLE 2). Genetic studies are required to understand
the physiological roles of mammalian PIAS proteins in
the regulation of STAT signalling.

Regulation of STATs by PTPs. STATs can also be inacti-
vated by PTPs in both the cytoplasm and the nucleus.
SHP2 is involved in the dephosphorylation of STAT5 in
the cytoplasm102,103. SHP2 interacts with and can directly
dephosphorylate STAT5, and dephosphorylation of
STAT5 in the cytoplasm is inhibited in Shp2–/– cells102.
Interestingly, it has been indicated that SHP2 is involved
in the dephosphorylation of STAT1 at both tyrosine and
serine residues. PTP1B has also been implicated in the
dephosphorylation of STAT5 under overexpression con-
ditions104. However, whether STAT5 is a physiological
substrate of PTP1B remains to be established.

Earlier studies indicated the existence of a PTP activ-
ity in the nucleus to inactivate STAT1 (REFS 105,106).
Through biochemical purification, TC45 — the nuclear
isoform of TCPTP — has been identified as a STAT1

This interaction might be involved in anchoring inde-
pendent chromatin loops to the nuclear scaffold, and
presumably, affecting the expression of adjacent genes.
The functional significance of the PIAS SAP domain in
regulating STAT activity remains to be established.

In vivo co-immunoprecipitation studies using anti-
bodies specific for PIAS proteins have identified specific
PIAS–STAT interactions in cultured mammalian
cells. After cytokine stimulation, PIAS1, PIAS3 and
PIASX interact with STAT1, STAT3 and STAT4,
respectively82,90,91. In addition, PIASY has also been
shown to be associated with STAT1 (REF. 92) (TABLE 2).
The PIAS–STAT interaction is cytokine dependent
and PIAS proteins do not interact with STATs in
unstimulated cells. The cytokine dependency of the
interaction might be explained by the finding that
PIAS1 can bind to the dimeric, but not the
monomeric, form of STAT1 (REF. 93). When overex-
pressed, PIAS3 can interact with STAT5 to regulate
prolactin-induced STAT5-mediated gene expression94.

Each member of the PIAS family has been shown to
inhibit STAT-mediated gene activation. Distinct mecha-
nisms for PIAS-mediated inhibition of STATs have been
indicated (FIG. 4). PIAS1 and PIAS3 can inhibit the DNA-
binding activity of STAT1 and STAT3, respectively82,90.
By contrast, PIASX and PIASY can inhibit STAT4- and

Box 1 | The ubiquitin–proteasome degradation pathway

The covalent conjugation of

ubiquitin (Ub) — a 76-amino-

acid polypeptide134 — to

substrate proteins is known 

as protein ubiquitylation.

Ubiquitin is attached to lysine

residues of substrates. Protein

ubiquitylation is an ATP-

dependent process that

requires the sequential actions

of three enzymes: an activating

enzyme (E1), a conjugating

enzyme (E2) and a ligase (E3).

E3 ligases have high substrate specificity. Substrates marked with a polymer of ubiquitins 

(a polyubiquitin chain) are selectively targeted to a multisubunit ATP-dependent protease

known as the 26S proteasome, resulting in degradation of the substrates and recycling 

of ubiquitin. Ubiquitylation is reversible and ubiquitin is removed from substrates by

deconjugating enzymes (DUBs). Ubiquitin-dependent proteolysis has important roles 

in many cellular processes, including cell-cycle regulation, transcription, antigen

presentation and signal transduction. Suppressor of cytokine signalling (SOCS) proteins

can bind to a ubiquitin E3 ligase to target signalling proteins for degradation.

Several ubiquitin-like molecules have been identified, including small ubiquitin-

related modifier (SUMO) and interferon-stimulated gene 15 (ISG15). The conjugation

of SUMO (sumoylation) or ISG15 (ISGylation) to substrate proteins occurs through 

a pathway that is analogous to ubiquitin conjugation, but distinct enzymes are

involved135. Recent studies indicate that protein ISGylation has a positive role in the

regulation of Janus kinase (JAK)–signal transducer and activator of transcription

(STAT) signalling58. The function of protein sumoylation is poorly understood, but 

has been suggested to regulate a wide variety of cellular processes, including nuclear-

protein targeting, protein–protein interactions, protein stability, formation of

subnuclear structures and modulation of transcription factors. Protein inhibitor of

activated STAT (PIAS) proteins have SUMO E3 ligase activity136. The role of PIAS

SUMO ligase activity in the regulation of STAT activity remains to be clarified.
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remains unknown, but recent studies have shown that
there is specificity in the dephosphorylation of STATs by
PTPs. For example, using Tcptp–/– cells, it has been
shown that TCPTP is involved in the dephosphoryla-
tion of both STAT1 and STAT3, but not STAT5 or
STAT6 (REF. 107). The identification of additional PTPs
and the understanding of how specificity is achieved in
STAT dephosphorylation will be of great interest.

Cross-regulation among the STAT family. The activity of a
STAT protein can be regulated by other members of the
STAT family.STATs function as dimers and different STAT
dimers (homo or hetero) have distinct DNA-binding
activity2. Recent studies indicate that cross-regulation
among the STAT-family members has an important role
in the maintenance of cytokine-signalling specificity. For
example, STAT1 and STAT3 are both activated by IL-6
stimulation and form three distinct dimers:
STAT1–STAT1, STAT1–STAT3 and STAT3–STAT3. The
removal of STAT3 in mouse embryonic fibroblasts results
in prolonged STAT1 activation by IL-6. As a result, IL-6
triggers an IFN-γ-like response in Stat3–/– cells41. So, the
signalling specificity of IL-6 is modulated by the activa-
tion of STAT3 and the cross-talk between STAT1 and
STAT3. Another example of STAT cross-regulation is
the finding that certain naturally occurring STAT splice
variants act as dominant-negative STATs109,110.

Regulation through signalling cross-talk

Under physiological conditions, immune cells are
generally regulated by the action of many cytokines
and it has become clear that cross-talk between dif-
ferent cytokine-signalling pathways is involved in the
regulation of the JAK–STAT pathway.

Cross-talk among the JAK–STAT pathways. Prior expo-
sure of cells to one cytokine followed by stimulation with
the same or a different cytokine can cause antagonistic
or synergistic effects, depending on the cellular context
and/or the cytokines involved. Certain genes down-
stream of STATs have an important role in signalling
cross-talk. A classic example is the cross-talk between
type I and type II IFNs (FIG. 5a). Pretreatment with IFN-γ
markedly sensitizes cells to IFN-α, owing largely to the
increased expression of STAT1 and IRF9 induced by
IFN-γ1. STAT1 and IRF9 are two key components of the
transcription factor complex ISGF3, which activates
IFN-α-responsive genes. Similarly, pretreatment with
low concentrations of IFN-γ, which increases the level of
STAT1 protein, can enhance the subsequent IFN-γ
response during macrophage activation111. In these two
cases, STAT1 acts in a positive-feedback loop to increase
subsequent stimulation by the same or a different
cytokine. Similarly, ISG15 — a downstream target of the
IFN-α-signalling pathway — can modify components of
the JAK–STAT pathway through protein ISGylation58,
resulting in an enhanced IFN-α response.

A role for SOCS proteins in the cross-talk between
opposing cytokines has been shown in several cases.
IFNs inhibit the IL-4 response in human monocytes.
The inhibitory activity of IFN on IL-4 signalling is

PTP107. TC45 can directly dephosphorylate STAT1, and
in Tcptp–/– cells, the nuclear dephosphorylation of
STAT1 is defective. In addition to TC45, SHP2 is also
involved in the nuclear dephosphorylation of STAT1
(REF. 108). How other STATs become dephosphorylated

Table 2 | Specificity in the negative regulation of JAK–STAT signalling

Inhibitor Target References

JAK PTPs JAKs
SHP1 JAK2, JAK1 43,44
SHP2 JAK1 45
CD45 JAK1, JAK2, JAK3, TYK2 46,47
PTP1B JAK2, TYK2 49
TCPTP JAK1, JAK3 52

Cytoplasmic STAT PTPs STATs
SHP2 STAT5 102,103
PTP1B STAT5 104
TCPTP STAT1, STAT3 107

Nuclear STAT PTPs STATs
SHP2 STAT1 108
TCPTP STAT1, STAT3 107

PIAS proteins STATs
PIAS1 STAT1 82
PIAS3 STAT3 90
PIASX STAT4 91
PIASY STAT1 92

JAK, Janus-family kinase; PIAS, protein inhibitor of activated STAT; PTP, protein tyrosine
phosphatase; SHP, SH2-domain-containing PTP; STAT, signal transducer and activator of
transcription; TCPTP, T-cell PTP; TYK, tyrosine kinase 2.

Box 2 | The PIAS family

Four members of the mammalian PIAS (protein inhibitor of activated signal transducer

and activator of transcription, STAT) family have been identified: PIAS1 (also known 

as Gu-binding protein, GBP), PIAS3 (PIAS3β is also known as potassium-channel-

associated protein, KChAP), PIASX — PIASXα (also known as androgen receptor

interaction protein 3,ARIP3) and PIASXβ (Msx-interacting-zinc finger protein 1, MIZ1)

as two variants — and PIASY84. PIAS homologues are found in Drosophila

(dPIAS/ZimP), Caenorhabditis elegans, yeast (SIZ1 and SIZ2) and plants97,101. The

mammalian PIAS proteins have marked sequence homology (>40%) and have several

conserved domains. The most striking domain is the central RING-finger-like zinc-

binding domain (RLD). This C3HC4 RLD shows marked similarity to genuine RING

domains, but it lacks two of the conserved cysteine residues that are involved in zinc

chelation. PIAS proteins also contain a putative domain known as SAP (scaffold

attachment factor A and B (SAF-A/B), acinus and PIAS), which is evolutionarily

conserved in proteins ranging from yeast to humans and shared by other chromatin-

binding proteins, such as SAF-A and SAF-B88. In the SAP domain, a Lys-Xaa-Xaa-Lys-Lys

signature motif is present in all PIAS proteins, which has been shown to mediate

interactions between nuclear receptors and their co-regulators.A highly acidic region

(AD) is also conserved in the PIAS family. In the AD, a putative small ubiquitin-related

modifier 1 (SUMO1) interaction motif (SIM) is present in all PIAS proteins except PIASY

and dPIAS. The carboxy-terminal regions of PIAS proteins are the least conserved.A

serine/threonine rich (S/T) region is found in all PIAS proteins except PIASY. Drosophila

contain a single PIAS gene, dPIAS.At least two splice variants  exist.

Mouse PIAS1
SAP (LXXLL) RLD S/TAD SIM

Mouse PIAS3

Rat PIAS3β

Human PIASXα
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Drosophila PIAS

650 amino acids
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which in turn inhibits LPS-induced activation of NF-κB
and STAT1 (REFS 117,118). Consistent with these observa-
tions, Socs1–/– mice are hypersensitive to LPS-induced
endotoxic shock. Interestingly, SOCS1 is found to inter-
act with IL-1R-associated kinase (IRAK) — a signalling
component in the LPS-induced NF-κB pathway. The
SOCS1–IRAK interaction might account for the
inhibitory effect of SOCS1 on LPS-induced activation
of NF-κB118. In addition, the involvement of SOCS1 in
TNF signalling has been indicated by the finding that
Socs1–/– embryonic fibroblasts are more sensitive to
TNF-induced apoptosis119. So, the STAT and NF-κB
pathways might interact through SOCS proteins.

Cross-talk between the JAK–STAT pathway and the
TGF-β-activated SMAD pathway has also been docu-
mented. The IFN-γ-activated STAT pathway negatively
regulates the TGF-β-triggered SMAD-signalling path-
way through the induction of SMAD7, an inhibitory
SMAD120. Leukaemia inhibitory factor (LIF) and bone
morphogenetic protein 2 (BMP2), which activate STAT-
and SMAD-signalling pathways, respectively, have a syn-
ergistic effect on the induction of astrocytes from neural
progenitors. The cooperative signalling of LIF and
BMP2 involves the formation of a STAT3–SMAD1
complex bridged by the transcriptional co-activator
p300 (REF. 121).

Recently, the regulation of the JAK–STAT pathway
by integrin signalling has been reported122. It was
observed that the detachment of cells from matrix
markedly attenuated IFN-γ-induced activation of
STAT1 in human embryonic kidney 293 cells and
mouse embryonic fibroblasts, indicating a role for cell
adhesion in the regulation of STAT signalling. Integrin
engagement modulates the activity of protein kinase Cε
(PKCε). There is a markedly attenuated response to
IFN-γ in PKCε–/– macrophages. In the absence of
PKCε, although there is no change in JAK1 or JAK2
activation, the IFN-γ-induced STAT1 tyrosine phos-
phorylation is inhibited. Although the detailed mech-
anism is not understood, these results indicate that
PKCε might mediate the cross-talk between integrin
and IFN-γ signalling through regulating the activation
of STAT1 by JAKs (FIG. 5c).

Dysregulation of JAK–STAT signalling

Dysregulation of JAK–STAT signalling is associated
with several immune diseases. JAK3 is highly expressed
by haematopoietic cells and is required for signalling by
cytokines that use the cytokine receptor common γ
chain (γ

c
), such as IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21

(REF. 123). Various mutations that cause JAK3 deficiency
have been detected in patients with severe combined
immunodeficiency (T cell–B cell+)124.

Markedly increased airway levels of STAT6, which is
crucial for IL-4 signalling and T helper 2 (T

H
2)-cell

responses, have been detected in asthmatic patients125.
But the functional significance of the observed increase
in STAT6 expression in asthmatic patients is not clear.
Recently, a role for SOCS3 in regulating the onset and
maintenance of T

H
2-mediated allergic immune disease

has been described126. SOCS3 is mainly expressed by

largely mediated through the induction of SOCS1
expression by IFN, which inhibits IL-4-induced
STAT6 activation112. IL-10 has anti-inflammatory
activity in immune cells, partially through the inhibi-
tion of the activity of pro-inflammatory cytokines
such as IFNs. IL-10 can block IFN signalling by
inducing the expression of SOCS3 (REF. 113). Similarly,
the induction of SOCS3 expression by IL-3 has been
implicated in the inhibition of IL-11 signalling as well
as IL-11-mediated B-cell development114.

Cross-talk between JAK–STAT and other pathways. The
NUCLEAR FACTOR-κB (NF-κB) family is a family of latent cyto-
plasmic transcription factors activated by various signals,
including tumour-necrosis factor (TNF), IL-1 and LPS.
The NF-κB-signalling pathway has a crucial role in
immune regulation115, and the activation of several genes
that have antiviral or immunoregulatory functions
requires the cooperation of STATs and NF-κB. Early stud-
ies indicated that there might be cross-talk between these
two main cytokine-signalling pathways. For example,
although STAT1 is not directly activated by TNF, STAT1
seems to be required for TNF-induced apoptosis116.
Recent studies indicate that SOCS1 might mediate the
cross-talk between the JAK–STAT and NF-κB-signalling
pathways. SOCS proteins can be induced by cytokines
that use the JAK–STAT or the NF-κB pathway20 (FIG. 5b).
In macrophages, SOCS1 is rapidly induced by LPS,
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for pro-inflammatory and anti-

apoptotic responses. They are

activated by the phosphorylation

and subsequent ubiquitin-

dependent proteolytic

degradation of their respective

inhibitors, known as inhibitor 

of κB (IκB). Phosphorylation 

of IκB occurs through tissue-

specific kinases, IκB kinase 1

(IKK1) and IKK2.
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Different PIAS (protein inhibitor of activated STAT) proteins can inhibit the Janus kinase

(JAK)–signal transducer and activator of transcription (STAT) pathway through distinct

mechanisms. a | PIAS1 and PIAS3 block the DNA-binding activity of STAT dimers. b | PIASX

and PIASY might act as transcriptional co-repressors of STAT by recruiting other co-repressor

proteins such as histone deacetylase (HDAC). c | PIAS proteins can promote the conjugation

of small ubiquitin-related modifier (SUMO) to STAT1. The significance of STAT1 sumoylation in

regulating STAT1 activity is controversial and needs to be clarified.
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By contrast, infection with varicella-zoster virus
inhibits the expression of STAT1 and JAK2, but not
JAK1 (REF. 129). Individuals with defects in the
IFN–JAK–STAT pathway show increased susceptibil-
ity to viruses and intracellular bacteria. Patients with
mutations in the IFN-γ receptor chains are susceptible
to infection with mycobacteria130. Recently, patients
with STAT1 deficiency have been reported131. These
individuals suffered from mycobacterial infection and
died of lethal viral disease.

The aetiopathology of Crohn’s disease — a chronic
inflammatory bowel disease — is poorly understood.
Mice with tissue-specific disruption of Stat3 during
haematopoiesis show Crohn’s disease-like pathogene-
sis132. In addition, constitutively tyrosine phosphorylated
STAT3 is found in intestinal T cells from patientswith
Crohn’s disease133. These results indicate that the dysreg-
ulation of STAT3 signalling might be involved in the
pathogenesis of Crohn’s disease. However, the exact
role of STAT3 in the pathogenesis of Crohn’s disease is
not understood.

T
H

2 cells. There is a strong correlation between the
expression of SOC3 and the pathology of T

H
2-medi-

ated allergic immune diseases such as atopic dermatitis
and asthma. Furthermore, SOCS3 transgenic mice
showed increased airway hypersensitivity and
enhanced T

H
2-cell responses, partly due to the prefer-

ential inhibition of IL-12-induced T
H
1-cell differentia-

tion by SOCS3. These results indicate that targeting 
dysregulated SOCS3 under pathological conditions
might be a potential therapeutic strategy for the develop-
ment of anti-allergy drugs.

Viruses can evade the host immune system 
by inactivating different components of the IFN-
activated JAK–STAT pathway. As described earlier,
members of the Paramyxovirus family of RNA viruses
target STATs for degradation. Epstein–Barr virus
(EBV) inhibits the expression of IFN-γ receptor
through the action of the EBV immediate-early pro-
tein, BZLF1 (REF. 127). Human cytomegalovirus inhibits
IFN-γ-induced expression of MHC class II molecules
by selectively targeting JAK1 for degradation128.
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can induce the transcription of STAT1, which then positively
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stimulation with IFN-γ or IFN-α. Similarly, IFN-α treatment can

induce the production of ISG15, which can sensitize the

subsequent IFN-α-activated JAK–STAT pathway. b | Cross-talk

between IFN and lipopolysaccharide (LPS) pathways. Both IFN

and LPS can induce the expression of suppressor of cytokine

signalling 1 (SOCS1) through the JAK–STAT and nuclear 

factor-κB (NF-κB) pathways, respectively. SOCS1 is a negative

regulator of both IFN and LPS pathways. c | Cross-talk between
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leads to the phosphorylation of protein kinase Cε (PKCε), which

can facilitate the phosphorylation of STAT1. The exact

mechanism involved remains to be elucidated. IKK, inhibitor of

NF-κB kinase; TLR4, Toll-like receptor 4.
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specificity of nuclear STAT PTPs. In addition, the mole-
cular basis for the recently discovered in vivo specificity
of SOCS1 and SOCS3 needs to be investigated. The
physiological role of mammalian PIAS proteins in the
regulation of cytokine signalling has not been defined.
An interesting question that remains to be answered is
how PIAS proteins are regulated. Furthermore, more
work is required to understand fully the physiological
roles of protein sumoylation and ISGylation in the regu-
lation of JAK–STAT signalling. Another important area
of research is to continue investigating the possible
involvement of various JAK–STAT regulators in
immune diseases and the molecular mechanisms that
are involved. Such studies will provide useful informa-
tion for the design of therapeutic drugs. As many
JAK–STAT regulators are essential for normal cellular
functions, a potential strategy is to develop drugs that
can specifically target these regulators only under patho-
logical conditions. Clearly, studies on the regulation of
JAK–STAT signalling will remain both challenging and
exciting in years to come.

Conclusion

JAKs and STATs are the two main components of
JAK–STAT signalling pathways. The use of the same
type of factor (STAT) to bind directly to the cell-surface
receptor as well as the DNA-response element in the
nucleus allows for optimal preservation of signalling
specificity. Indeed, STATs have highly specific functions
in the immune system. Studies in the past few years
have shown that JAK–STAT signalling is regulated at
various steps, allowing control of signalling strength,
duration and specificity. The study of the regulation of
JAK–STAT signalling is clearly an important research
area, as unbalanced JAK–STAT signalling contributes to
immune diseases. Although progress has been made in
understanding the regulation of the JAK–STAT pathway,
many important questions remain to be answered. The
dephosphorylation of STATs in the nucleus is still poorly
understood. Specifically, the PTPs that are responsible
for the nuclear dephosphorylation of STAT2, STAT4 and
STAT6 have not been identified. Further studies are
required to understand the regulation and substrate
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