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and growth factors. JAK activation Mechanistically, JAK/STAT signaling is

stimulates cell proliferation, relatively simple, with only a few

differentiation, cell migration and principal components (for reviews, see
apoptosis. These cellular events areAaronson and Horvath, 2002; Heinrich
critical to hematopoiesis, immune et al., 2003; Kisseleva et al., 2002;
development, mammary gland O’'Shea et al.,, 2002). As described
development and lactation, adipogenesisabove, a variety of ligands and their
sexually dimorphic growth and other receptors stimulate the JAK/STAT

processes. Predictably, mutations thatpathway. Intracellular activation occurs
reduce JAK/STAT pathway activity when ligand binding induces the
affect these processes (reviewed bymultimerization of receptor subunits.
Igaz et al, 2001; O'Shea et al., For some ligands, such as erythropoietin
2002). Conversely, mutations that and growth hormone, the receptor

The Janus kinase/signal transducers andonstitutively activate or fail to regulate subunits are bound as homodimers

activators of transcription (JAK/STAT) JAK
of inflammatory disease,

pathway is one of a handful

signaling  properly  cause while, for others, such as interferons and

erythrocytosis, interleukins, the receptor subunits are

pleiotropic cascades used to transduce gigantism and an array of leukemias. heteromultimers. For signal propagation

multitude of signals for development and Here we present a general overview ofthrough
homeostasis in animals, from humansthe JAK/STAT pathway and illustrate heteromultimers, the
In mammals, the JAK/STAT the primary mechanisms of activation domains of two receptor subunits must
signaling and regulation of this essential signalingbe associated with JAK tyrosine kinases.
mechanism for a wide array of cytokines cascade.

to flies.

pathway is the principal

homodimers or
cytoplasmic

either

JAKs are distinctive in that they have
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Abbreviations and synonyms

AP ClmETnTs ERCIpREGe Ly Iy ist Chatyauintny Syl Serni s Glang CEREmincy Sclty G : GAP,
rotein 2;  IFN, interferon; L, interleukin: JAK, janus kinase (just another inase); ~ LIF. leukemia inhibitory factor; LIG, ligand; MAPK, mitogen-activated protein Kinase (ERK1/2): MEK, MAPK/ERK kinase (MAPKK, MAP kinase kinase); NPI-1, nucleoprotein
m(evacmrl(\mpomna 5); OSM, oncostatin M; ~PIAS, protein inhibitor of activated STAT;  Ran, Ras-related nuclear protein; RTK, receptor tyrosine kinase; SAP domain, SAF-A (scaffold attachment factor A)/acinus/PIAS domain; ~SBS,
(HOP, pemalopoiti cll phosphatase. PTP1C, protein tyrosine phosphatase 1C, SH-PTPY, SH-corlaining PTPY); - SHP-2 (PTPD, PTP2C, SH-PTP2, SHPTPS, Syp); - SOCS, suppressor ofcytokine signaling (CIS,cytokne-inducible SH2-containing protein. JAB, JAK-binding poten, S5, Sat-nducile St infioor):
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protein (RasGAP);

STATbinding site; SH2, Src homology 2 domain;  SHP1, SH2-containing phosphatase 1

protein;  SITK, SUMO, small ubi

d modifier (sentrin); b, ubiquitin; - Ubcd, ubiquitin conjugase 9
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tandem kinase-homologous domains ain JAK/STAT signaling is the and culin 2, facilitating the
the C-terminus. The first is a non- SH2B/Lnk/APS family. These proteins ubiquitination of JAKs and, presumably,
catalytic regulatory domain, whereas contain both pleckstrin homology and the receptors. Ubiquitination of these
the second has tyrosine kinase activity.SH2 domains and are also substrates fotargets decreases their stability by
In mammals, the JAK family JAK phosphorylation. Both SH2fBand targeting them for proteasomal
comprises four members: JAK1, JAK2, APS associate with JAKs, but the former degradation.

JAK 3 and Tyk2. JAK activation facilitates JAK/STAT signaling while

occurs upon ligand-mediated receptorthe latter inhibits it. The degree to The third class of negative regulator is
multimerization because two JAKs are which each of these adapter familiesthe PIAS proteins: PIAS1, PIASS,
brought into close proximity, allowing contributes to JAK/STAT signaling is PIASx and PIASy. These proteins have
trans-phosphorylation. The activated not yet well understood, but it is clear a Zn-binding RING-finger domain in
JAKs subsequently  phosphorylate that various proteins outside the the central portion, a well-conserved
additional targets, including both the basic pathway machinery influence SAP (SAF-A/Acinus/PIAS) domain at
receptors and the major substratesJAK/STAT signaling. the N-terminus, and a less-well-
STATs. STATs are latent transcription conserved carboxyl domain. The latter
factors that reside in the cytoplasm until In addition to JAK/STAT pathway domains are involved in target protein
activated. The seven mammalian STATseffectors, there are three major classes obinding. The PIAS proteins bind to
bear a conserved tyrosine residue neanegative regulator: SOCS (suppressorsactivated STAT dimers and prevent
the C-terminus that is phosphorylated byof cytokine signaling), PIAS (protein them from binding DNA. The
JAKs. This phosphotyrosine permits inhibitors of activated stats) and mechanism by which PIAS proteins act
the dimerization of STATs through PTPs (protein tyrosine phosphatasesyemains unclear. However, PIAS
interaction with a conserved SH2 (reviewed by Greenhalgh and Hilton, proteins have recently been
domain. Phosphorylated STATs enter2001). Perhaps the simplest are thedemonstrated to associate with the E2
the nucleus by a mechanism that istyrosine phosphatases, which reverseconjugase Ubc9 and to have ES3
dependent on importia-5 (also called the activity of the JAKs. The best conjugase activity for sumoylation that
nucleoprotein interactor 1) and the Rancharacterized of these is SHP-1, theis mediated by the RING finger domain
nuclear import pathway. Once in the product of the mousenotheatengene. (reviewed by Jackson, 2001). Although
nucleus, dimerized STATSs bind specific SHP-1 contains two SH2 domains andthere is evidence that STATs can be
regulatory sequences to activate orcan bind to either phosphorylated JAKs modified by sumoylation (Rogers et al.,
repress transcription of target genes.or phosphorylated receptors to facilitate 2003), the function of that modification
Thus the JAK/STAT cascade provides adephosphorylation of these activatedin negative regulation is not yet known.
direct mechanism to ftranslate ansignaling molecules. Other tyrosine

extracellular signal into a transcriptional phosphatases, such as CD45, appear tAlthough the mechanism of JAK/STAT

response. have a role in regulating JAK/STAT signaling is relatively simple in theory,
signaling through a subset of receptors. the biological consequences of pathway
In addition to the principal components activation are  complicated by

of the pathway, other effector proteins SOCS proteins are a family of at leastinteractions with other signaling
have been identified that contribute to ateight members containing an SH2 pathways (reviewed by Heinrich et al.,
least a subset of JAK/STAT signaling domain and a SOCS box at the C-2003; Rane and Reddy, 2000; Shuali,
events. STAMs (signal-transducing terminus (reviewed by Alexander, 2000). An understanding of this cross-
adapter molecules) are adapter2002). In addition, a small kinase talk is only beginning to emerge, but the
molecules with conserved VHS and inhibitory region located N-terminal to best characterized interactions of the
SH3 domains (Lohi and Lehto, 2001). the SH2 domain has been identified forJAK/STAT pathway are with the
STAM1 and STAM2A can be SOCS1 and SOCS3. The SOCSreceptor tyrosine kinase (RTK)/Ras/
phosphorylated by JAK1-JAK3 in a complete a simple negative feedbackMAPK (mitogen-activated protein
manner that is dependent on a thirdloop in the JAK/STAT circuitry: Kkinase) pathway. The relationship
domain present in some STAMSs, the activated STATs stimulate transcription between these cascades is complex and
ITAM (inducible tyrosine-based of the SOCS genes and the resultingtheir paths cross at multiple levels, each
activation motif). Through a poorly SOCS proteins bind phosphorylated enhancing activation of the other. First,
understood mechanism, the STAMsJAKs and their receptors to turn off the activated JAKs can phosphorylate
facilitate the transcriptional activation of pathway. The SOCS can affect theirtyrosines on their associated receptors
specific target genes, includingYC. negative regulation by three means.that can serve as docking sites for SH2-
A second adapter that facilitates First, by binding phosphotyrosines on containing adapter proteins from other
JAK/STAT pathway activation is StIP the receptors, SOCS physically block thesignaling pathways. These include
(stat-interacting protein), a WD40 recruitment of signal transducers, suchSHP-2 and Shc, which recruit the
protein. StIPs can associate with bothas STATs, to the receptor. Second,GRB2 adapter and stimulate the Ras
JAKs and unphosphorylated STATSs, SOCS proteins can bind directly to JAKs cascade. The same mechanism
perhaps serving as a scaffold to facilitateor to the receptors to specifically inhibit stimulates other cascades, such as the
the phosphorylation of STATs by JAKs. JAK kinase activity. Third, SOCS recruitment and JAK phosphorylation
A third class of adapter with function interact with the elongin BC complex of insulin receptor substrate (IRS) and
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p85, which results in the activation of vertebrate interleukin 6 (IL-6) receptor JAK/STAT-dependent response to septic injury.
the phosphoinositide 3-kinase (PI3K) family. A predicted geneCG14225 gli‘;aﬁggf"\fv“ls"‘(ggbz) Suppressors of cytokine
pathway [for more on PI3K signaling, encodes a putative protein  with Gonaiing (SOCS) in the immune systedat. Rev.
see Foster et al. (Foster et al., 2003)].similarity to Domeless, but no functional |mmunol.2, 410-416.

JAK/STAT signaling also indirectly analyses have been reported. OnlyDearolf, C. R. (1999). JAKs and STATs in
promotes Ras signaling through the members of the Unpaired (Upd) family g‘g’e{ge;g"iltgs’z‘)de' organismell. Mol. Life Sci.
transcriptional activation of SOCS3. of secreted ligands, Upd and Upd3, have- =" =" "r o ¢ 5 Apraham. S. M. and
SOCS3 binds RasGAP, a negativebeen sho_vvn to activate the JAK/STAT Ery, M. 3. (2003). The phosphoinositide (P1) 3-
regulator of Ras signaling, and reducespathway in flies (Agaisse et al., 2003; kinase family.J. Cell Sci.116 3037-3040.

its activity, thereby promoting Harrison et al., 1998). Activation by a Greenhalgh, C. J. and Hilton, D. J.(2001).
activation of the Ras pathway. third homologue, Upd2, has yet to be Negative regulation of cytokine signalingournal
Reciprocally, RTK pathway activity reported. Although the Unpaireds bear f beukooyte Biology0, 348-356.

p Ys pathway y rep . ugh t paire Harrison, D. A., McCoon, P. E., Binari, R.,
promotes JAK/STAT signaling by at no sequence similarity to cytokines, the Gilman, M. and Perrimon, N. (1998).Drosophila
least two mechanisms. First, the predicted highly a-helical nature is unpairedencodes a secreted protein that activates
activation of some RTKs, including consistent with an overall structure thatthe JAK signaling pathwayenes Devl12, 3252-
EGFR and PDGFR, results in the JAK- could pe similar to cytokines. Heinrich. P. C.. Behrmann, I. Haan, S.,
independent tyrosine phosphorylation Sequencing of thérosophilagenome  ermanns, H. M., Muller-Newen, G. and
of STATSs, probably by the Src kinase. has uncovered potential homologues ofSchaper, F.(2003). Principles of interleukin (IL)-
Second, RTK/Ras pathway stimulation other JAK/STAT pathway molecules, 6-type cytokine signalling and its regulation.
causes the downstream activationincluding STAM, StIP and SH2- ﬁ'g;i‘)fi’:'%a'é?’;ﬁagf&vn 5.2002). The fertie
of  MAPK. ~ MAPK  specifically B/APS/Lnk family adapters. NO feiq of Drosophila Jak/STAT signallingCurr.
phosphorylates a serine near the C-mutations of these genes are yetgiol. 12, R569-R575.
terminus of most STATs. While not available to test their function in lIgaz, P, Toth, S.and Falus, A2001). Biological
absolutely necessary for STAT JAK/STAT signaling. For some other andh C“f_"CIa' S'gn'ff'cancke OII the _JAf:('STAT
activity, this serine phosphorylation organisms, such a<. elegansand pRaets‘é"gy"Bg_sﬁfs rom knockout mideflamm.
dramatically enhances transcriptional Dictyostelium there is not a complete jackson, P. K.(2001). A new RING for SUMO:
activation by STAT. In addition to RTK functional JAK/STAT cassette, but wrestling transcriptional responses into nuclear
and PI3K interactions with JAK/STAT homologues of some JAK/STAT bodies with PIAS family E3 SUMO ligaseSenes
signaling, multiple levels of cross-talk pathway proteins can be found (Dearolf, D8V-15 3053-3058. .
ith the TGFB signaling pathway have 1999; Hombria and Brown, 2002). For Kisseleva, T., Bhattacharya, S., Braunstein, J.
wit g gp y have . ' ' -+ FOF and Schindler, C. W.(2002). Signaling through
been recently reported [for a review instance, ~STAT homologues in the JAK/STAT pathway, recent advances and
of TGF, see (Moustakas, 2002)]. Dictyostelium are necessary for future challengesGene285 1-24.

Furthermore, the functions of activated chemotaxis, prestalk cell movement E‘%‘XM /EgéT/Hat;]; adéstztf}) rot}g/i-r']z- iftggrlziiors

STATs can be altered thr_ou_gh during dlﬁgyent|at|on, and repression of signalling pathways=EBS Lett508 287-290.

association with other transcription stalk-specific genes. However, there areyoustakas, A.(2002). Smad signalling network.

factors and cofactors that are regulatecho JAKs in Dictyostelium but rather J. Cell Sci.115 3355-3356.

by other signaling pathways. Thus the STAT activation is mediated by G- O'Shea, J. J., Gadina, M. and Schreiber, R. D.

integration of input from many protein-coupled receptors (GPCRs) i(rfot?]ze)- Jii,tg't‘;?e 23\?&!;:%;In120%028:une\1v Suprises

signaling pathways must be considered(reviewed by Williams, 2000). Although ;31 P PP

if we are to understand the biological the link is still controversial and the Rrane, S. G. and Reddy, E. P(2000). Janus

consequences of cytokine stimulation. mechanism unclear, there is mountingkinases: components of multiple signaling
evidence that GPCRs also signall througkﬁfggzyiogcog%?\i?h52635‘;1% Matunis. M

The JAK/STAT pathway is ubiquitous STATS in m{;\mmals. Th|s potential (2003). SUMO modiication of STAT1 and its

amongst ver_tebrates, but can also ba:ommon_allty in mechanism suggestSigle in PIAS-mediated inhibition of gene

found as an intact pathway in some, butthat portions of the JAK/STAT pathway activation.J. Biol. Chem278, 30091-30097.

not all, other metazoans. A complete may have arisen even prior to the Shuai K.(2000). Modulation of STAT signaling

JAK/STAT signaling pathway required appearance of metazoans. Genom szAT"”teraC““g proteinsdncogenel, 2638-

for an abundance of biological functions sequences from additional organismsyyijiams, J. 6. (2000). STAT signalling in cell

is found inDrosophila(for reviews, see and mutants in identifiable homologues proliferation and in developmentCurr. Opin.

Hombria and Brown, 2002; Zeidler et will greatly aid elucidation of the Genet. Dev10, 503-507. _

al., 2000). There are single homologuesmechanism of evolution of the (Zze(;glg)r, ?Aﬁeprafﬁcoi}’ tﬁéﬁ;sﬁgﬂngﬁmg?ﬁ'

for JAK, STAT and PIAS, as well as JAK/STAT signaling pathway. pathway Oncogenel9, 2598-2606.

three SOCS homologues. Each of these

components acts in the same fashion as

its mammalian counterpart, although noReferences Cell Science at a Glance on the Web

mutants in the flySOCS genes are Aaronson, D. S. and Horvath, C. M.(2002). A Electronic copies of the poster insert are
yet available. Furthermore, there is aroad map for those who know JAK-STAScience | available in the online version of this article

single JAK/STAT pathway receptor, 296, 1653-1655. at jes.biologists.org. The JPEG images can

S gaisse, H., Petersen, U. M., Boutros, M., | pe downloaded for printing or used as
Domeless, that shows weak similarities pathey-Prevot, B. and Perrimon, N. (2003). slides.
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