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ylate MLCK, thus contributing to the reg- 
ulation of acto-myosin contractility. The 
localization of ERK and PAK to adhesion 
complexes suggests that these kinases may 
directly phosphorylate components of ad- 
hesion complexes, possibly contributing to 
adhesion dynamics, the activation state of 
integrins themselves, or both of these pro- 
cesses (Fig. 1, green). Finally, integrins 
play an important role in governing the 
process of cell survival. Depriving epithe- 
lial or endothelial cells of contact with the 
ECM rapidly stimulates apoptosis, a pro- 
cess referred to as "anoikis." Integrin sig- 
naling to the phosphoinositide 3-kinase 
(PI3K)-Akt kinase pathway may be a cen- 
tral regulator of anoikis (Fig. 1, gray). 

Twenty years of integrin research have yield- 
ed a first glimpse of the network of proteins 
involved in organizing and transmitting adhesion 
signals. However, the heterogeneity and dynam- 
ic nature of adhesion complexes portend a far 
greater molecular complexity than realized to- 
day. Armed with new approaches for isolation of 
adhesion complexes and their component mole- 
cules, and with sensitive techniques in mass 
spectrometry, new and interesting protein link- 
ages undoubtedly will be unveiled. Where and 
when within the cell do integrins signal? The 
polarized structure of migrating cells (leading 
protrusive edges, retracting rear) clearly reflects 
very organized spatial and temporal signaling 
from integrins. New technologies are now in 
place to address questions of when and where 
integrin signals occur. For instance, the use of 
fluorescent tags [such as enhanced green fluo- 
rescent protein (EGFP) fusion proteins] to track 
proteins in living cells has broadened our appre- 
ciation for the dynamics of adhesion structures. 
These studies show that integrin-directed adhe- 
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Fig. 1. Signal transduction pathways emanat- 
ing from integrins (blue) regulate numerous 
cellular processes, including actin organiza- 
tion (orange) and adhesion complex remod- 
eling (green), which together influence cell 
movement (red), as well as gene expression 
and cell cycle regulation (purple) and cell 
survival (gray). The pathways that regulate 
each process are outlined in the text and 
detailed in the STKE Connections Map (1). 

sion complexes assemble and disassemble rap- 
idly in an extending lamellipodia, and the assem- 
bly of such complexes takes place in an ordered 
fashion, indicating a hierarchical assembly pro- 
cess (5). In addition, analysis of fluorescent pro- 
teins in "real time" demonstrates that small pe- 
ripheral focal complexes-structures that appear 
to be distinct from focal adhesions-are, in fact, 
precursor complexes that have the potential to 
"mature" into the larger, Rho-dependent focal 
adhesions (6). As for the question of where 
individual proteins interact and are activated, the 
use of phospho-specific antibodies that recog- 
nize the phosphorylated (and often activated) 
form of proteins at discrete sites within the cell 
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holds great promise. For instance, activated 
ERK, which functions in the nucleus to regulate 
gene expression, also localizes to focal adhesions 
where it likely catalyzes the phosphorylation of 
novel targets that regulate integrin signaling (7). 
Application of fluorescence resonance energy 
transfer (FRET) analysis to living cells allows 
the detection of activated states of proteins in 
vivo. This technique has localized activated Rac 
in membrane ruffles and activated MLCK in the 
lamellae of migrating cells (8, 9). Finally, tech- 
niques such as chromophore-assisted laser inac- 
tivation (CALI) allow the local inactivation of 
proteins in living cells (10), providing the oppor- 
tunity to dissect the contributions of specific 
adhesion complexes and components to the in- 
tegrin-signaling pathway. 

Because integrin signaling is key to diverse 
cellular processes, aberrations in integrin signal- 
ing contribute to many different disease states 
from cancer to arthritis. Understanding the path- 
ways that emanate from integrins is clearly an 
important challenge, as well as an increasingly 
achievable goal; however, much remains to be 
accomplished. In the words of the immortal 
Buzz Lightyear (of Toy Story fame), "To infinity 
and beyond!" 

References 
1. S. A. Boerner, et al., Integrin Signaling Pathway. Sci- 

ence's STKE (Connections Map, as seen May 2002), 
http://stke.sciencemag.org/cgi/cm/CMP_6880. 

2. R. O. Hynes, Cell 69, 11 (1992). 
3. B. Geiger, Science 294, 1661 (2001). 
4. A. R. Horwitz, J. T. Parsons, Science 286, 1102 (1999). 
5. C. M. Laukaitis et al., J. Cell Biol. 153, 1427 (2001). 
6. K. Rottner et al., Curr. Biol. 9, 640 (1999). 
7. V. J. Fincham, M. James, M. C. Frame, S. J. Winder, 

EMBOJ. 19, 2911 (2000). 
8. V. S. Kraynov et al., Science 290, 333 (2000). 
9. T. L Chew et al., J. Cell Biol. 156, 543 (2002). 

10. Z. Rajfur, P. Roy, C. Otey, L Romer, K. Jacobson, 
Nature Cell Biol. 4, 286 (2002). 

holds great promise. For instance, activated 
ERK, which functions in the nucleus to regulate 
gene expression, also localizes to focal adhesions 
where it likely catalyzes the phosphorylation of 
novel targets that regulate integrin signaling (7). 
Application of fluorescence resonance energy 
transfer (FRET) analysis to living cells allows 
the detection of activated states of proteins in 
vivo. This technique has localized activated Rac 
in membrane ruffles and activated MLCK in the 
lamellae of migrating cells (8, 9). Finally, tech- 
niques such as chromophore-assisted laser inac- 
tivation (CALI) allow the local inactivation of 
proteins in living cells (10), providing the oppor- 
tunity to dissect the contributions of specific 
adhesion complexes and components to the in- 
tegrin-signaling pathway. 

Because integrin signaling is key to diverse 
cellular processes, aberrations in integrin signal- 
ing contribute to many different disease states 
from cancer to arthritis. Understanding the path- 
ways that emanate from integrins is clearly an 
important challenge, as well as an increasingly 
achievable goal; however, much remains to be 
accomplished. In the words of the immortal 
Buzz Lightyear (of Toy Story fame), "To infinity 
and beyond!" 

References 
1. S. A. Boerner, et al., Integrin Signaling Pathway. Sci- 

ence's STKE (Connections Map, as seen May 2002), 
http://stke.sciencemag.org/cgi/cm/CMP_6880. 

2. R. O. Hynes, Cell 69, 11 (1992). 
3. B. Geiger, Science 294, 1661 (2001). 
4. A. R. Horwitz, J. T. Parsons, Science 286, 1102 (1999). 
5. C. M. Laukaitis et al., J. Cell Biol. 153, 1427 (2001). 
6. K. Rottner et al., Curr. Biol. 9, 640 (1999). 
7. V. J. Fincham, M. James, M. C. Frame, S. J. Winder, 

EMBOJ. 19, 2911 (2000). 
8. V. S. Kraynov et al., Science 290, 333 (2000). 
9. T. L Chew et al., J. Cell Biol. 156, 543 (2002). 

10. Z. Rajfur, P. Roy, C. Otey, L Romer, K. Jacobson, 
Nature Cell Biol. 4, 286 (2002). 

VIEWPOINT 

A Road Map for Those Who Don't Know 

JAK-STAT 
David S. Aaronsonl and Curt M. Horvath2* 

VIEWPOINT 

A Road Map for Those Who Don't Know 

JAK-STAT 
David S. Aaronsonl and Curt M. Horvath2* 

The Janus kinase-signal transducer and activator of transcription (JAK-STAT) path- 
way transmits information received from extracellular polypeptide signals, through 
transmembrane receptors, directly to target gene promoters in the nucleus, provid- 
ing a mechanism for transcriptional regulation without second messengers. Evolu- 
tionarily conserved in eukaryotic organisms from slime molds to humans, JAK-STAT 
signaling appears to be an early adaptation to facilitate intercellular communication 
that has co-evolved with myriad cellular signaling events. This co-evolution has 
given rise to highly adapted, ligand-specific signaling pathways that control gene 
expression. In addition, the JAK-STAT signaling pathways are regulated by a vast 
array of intrinsic and environmental stimuli, which can add plasticity to the response 
of a cell or tissue. 
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pressed genes in the target cell. In many 
cases, the immediate responding genes (those 
that undergo increased transcription in the 
absence of new protein synthesis) are con- 
trolled by a family of transcription-regulating 
signaling proteins named signal transducer and 
activator of transcription (STAT). Intercellular 
signaling is critical for developmental regula- 
tion, growth control, and homeostasis in 
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multicellular organisms, and STAT path- 
ways have been found in slime molds, 
worms, flies, and vertebrates but are absent 
from fungi and plants (1). In mammals, 
there are seven STAT genes, STAT1, 
STAT2, STAT3, STAT4, STAT5A, STAT5B, 
and STAT6. There is sufficient diversity in 
the STAT amino acid sequences and their 
tissue-specific distributions to account for 
their diverse roles in responses to extracel- 
lular signaling proteins. STAT proteins are 
inactive as transcription factors in the ab- 
sence of specific receptor stimulation and 
are localized in the cytoplasm of unstimu- 
lated target cells. They are activated rapidly 
in response to receptor-ligand coupling and 
are recruited to the intracellular domain of 

Type I IFN Interleukin 

Fig. 1. Three examples of signaling in the JAK-STAT I 
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JAK1 and JAK2, producing a phosphotyrosine dockin; 
STAT3. STAT3 dimers translocate to the nucleus and 
transcription from target gene promoters containini 
like element, sometimes referred to as the sis-indue 
ment (SIE). IL6 also activates STAT1, leading to ho 
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the receptor through specific binding be- 
tween STAT Src-homology 2 (SH2) do- 
mains and receptor phosphotyrosine resi- 
dues. These SH2-phosphotyrosine interac- 
tions are highly specific and are a critical 
step in determining the specificity of recep- 
tor-mediated STAT activation. 

Many growth factor receptors have in- 
trinsic tyrosine kinase activity, but most 
STAT-activating cytokine receptors do not. 
Instead, the required tyrosine kinase activ- 
ity is provided by receptor-associated cyto- 
plasmic proteins from the Janus kinase 
(JAK) family (2). JAKs are also evolution- 
arily conserved, and there are four JAK 
proteins in mammalian cells, JAK1, JAK2, 
JAK3, and TYK2. The fundamental role of 

JAKs in cytokine signaling is evi- 
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alyze ligand-induced phosphoryl- 
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lular tyrosine residues on the re- 
ceptor, creating STAT docking 
sites. Phosphorylation of STATs 
on activating tyrosine residues 
leads to STAT homo- and het- 
erodimerization. STAT dimers are 
rapidly transported from the cyto- 
plasm to the nucleus and are com- 
petent for DNA binding. Most 
STAT dimers recognize an 8- to 
10-base pair inverted repeat DNA 
element with a consensus sequence 
of 5'-TT(N4_6)AA-3'. Differential 
binding affinity of a particular ac- 
tivated STAT dimer for a single 
target DNA sequence is deter- 
mined by variations in the exact 
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g a GAS- of target genes is an intrinsic prop- 
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nuclear co-activators that mediate chromatin 
modifications and communication with the 
core promoters. STAT-binding elements ap- 
pear in the context of additional promoter- 
bound proteins that vary from one gene to 
another and are required for optimal gene- 
specific regulation. Examples of complex en- 
hancers in which STATs are critical activat- 
ing components include the ~y-interferon-re- 
sponsive cell cycle regulator p21WAFl (7, 8) 
and the interleukin 6 (IL6)-responsive acute 
phase response protein oc-2 macroglobulin 
(9-11). These examples are certain to repre- 
sent a large number of STAT-dependent co- 
operative transcriptional mechanisms. Al- 
though the STATs are generally associated 
with transcriptional activation, examples of 
STAT-dependent transcriptional repression 
have also been reported (12-14) 

The JAK-STAT signaling pathways do 
not usually function autonomously; rather, 
they are regulated by a vast array of intrin- 
sic and environmental stimuli. These com- 
plex means of regulation can add plasticity 
to the transcriptional output in a specific 
cell or tissue. Diverse protein kinases, in- 
cluding several mitogen-activated protein 
kinases (MAPKs), phosphorylate STATs 
on serine residues, allowing additional cel- 
lular signaling pathways to potentiate the 
primary STAT-activating stimulus (15). 
Similarly, it is possible that additional sites 
of regulated serine phosphorylation or oth- 
er posttranslational modifications may reg- 
ulate attenuation of STAT activity (16, 17). 

Negative regulation of the JAK-STAT 
pathway is accomplished by such common 
mechanisms as receptor internalization to en- 
docytic vesicles and subsequent receptor deg- 
radation. More specific inhibition signals 
come from protein tyrosine phosphatases that 
can act at the level of the membrane-associ- 
ated receptor-kinase complex (18-20) or, in 
the nucleus, by dephosphorylation of activat- 
ed STAT dimers and recycling of the latent 
STAT monomer to the cytoplasm (21, 22). 
The JAKs have their own inhibitors, called 
suppressor of cytokine signaling (SOCS) pro- 
teins, which directly bind to and inactivate 
the kinases (23). Expression of SOCS genes 
can be stimulated by the same cytokines that 
enhance STAT activation, so the SOCS pro- 
teins can act in classic feedback inhibition 
loops. Protein inhibitors of activated STATs 
(PIAS) bind to phosphorylated STAT dimers, 
preventing DNA recognition (24). The 
steady-state and signal-inducible concentra- 
tions of all the positive and negative regula- 
tors determine the intensity and duration of 
the signal response in a particular cell type. 

The Connections Maps we have constructed 
for the Signal Transduction Knowledge Envi- 
ronment (STKE) include a generic, or canoni- 
cal, JAK-STAT pathway (25) and three specific 
examples of JAK-STAT pathways (Fig. 1), the 
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type I interferon (IFNa/1) pathway that uses 
STAT1 and STAT2 (26), the type II interferon 
(IFN~y) pathway that uses STAT1 (27), and the 
STAT3 pathway that is widely activated in a 
variety of cellular contexts (28). 

The type I interferon (IFNa/P) pathway is 
mechanistically distinct from the majority of 
STAT pathways. In this pathway, the endpoint 
transcription factor is not a simple STAT dimer, 
but a heterotrimer consisting of a STAT1- 
STAT2 dimer and an obligatory DNA binding 
subunit from a member of the interferon regu- 
latory factor family, IRF9. The association of 
the STATs with IRF9 results in recognition of a 
distinct DNA response element, the IFN-stim- 
ulated response element (ISRE), with the se- 
quence 5'-AGTTTN3TTTCC-3'. The tri- 
meric factor ISGF3 (interferon-stimulated 
gene factor 3) is the primary signaling 
mechanism leading to expression of target 
genes required for innate antiviral immunity 
in higher organisms. The importance of 
STAT1 and STAT2 in establishing an initial 
line of defense is underscored by the finding 
that these proteins are targeted by virus im- 
mune evasion strategies (29, 30). 

The type II IFN (IFNy) pathway is a 
paradigm for most aspects of JAK-STAT 
signaling that result in dimeric STAT tran- 
scription factors. IFN^/ induces the activa- 
tion of STAT1 homodimers that recognize 
the GAS element in the promoter of target 
genes involved in innate and adaptive im- 
munity and is important for shaping antitu- 
mor immune responses (31, 32). Germline 
mutations in STAT1 lead to defective anti- 
microbial immunity (33). 

The third specific pathway focuses on 
STAT3, which is broadly studied because 
of its many functions in animal cell growth 
regulation, inflammation, and early embry- 
onic development resulting from diverse 
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stimuli [reviewed in (34, 35)]. STAT3 is 
activated by many cytokines that use sig- 
naling receptor subunits similar to gp130. 
Activation of STAT3 occurs in many solid 
and hematologic tumors and is correlated 
with growth stimulation and anti-apoptotic 
effects in malignancies. Many routes lead to 
STAT3 activation other than cytokine stimuli, 
including growth factors, such as epidermal 
growth factor (EGF) and platelet-derived 
growth factor (PDGF), that use tyrosine kinase 
receptors. Several oncogenic non-receptor ty- 
rosine kinases can activate STAT3, which is 
required for their ability to malignantly trans- 
form cells in culture. In addition, STAT3 is 
activated in response to oncogenic heterotri- 
meric guanine nucleotide-binding protein (G 
protein) subunits through the activation of a 
cellular non-receptor tyrosine kinase, c-Src, a 
striking example of cross talk and interconnec- 
tions between functionally and conceptually 
distinct signaling pathways through a cellular 
proto-oncogene (36). 

It is anticipated that further connections 
between the JAK-STAT pathways and the 
other signal transduction systems illustrated 
by the STKE Connections Maps will be un- 
veiled, providing diversions along the roads 
that lead to gene regulation. 
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Phosphorylated lipids are produced at cellular membranes during signaling 
events and contribute to the recruitment and activation of various signal- 
ing components. The role of phosphoinositide 3-kinase (P13K), which 
catalyzes the production of phosphatidylinositol-3,4,5-trisphosphate, in 
cell survival pathways; the regulation of gene expression and cell metab- 
olism; and cytoskeletal rearrangements are highlighted. The P13K pathway 
is implicated in human diseases including diabetes and cancer, and under- 
standing the intricacies of this pathway may provide new avenues for 
therapuetic intervention. 

The acute phosphorylation of phosphatidyl- coordinated set of events leading to cell 
inositol lipids at the D-3 position of the ino- growth, cell cycle entry, cell migration, and 
sitol ring in response to cell stimulation by cell survival. How does lipid phosphorylation 
growth factors and hormones sets in motion a coordinate such complex behavior? Various 
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signaling proteins, including protein serine- 
threonine kinases, protein tyrosine kinases, 
and exchange factors that regulate heterotri- 
meric guanosine triphosphate (GTP)-binding 
proteins (G proteins), have domains that 
specifically bind to D-3 phosphorylated 
phosphoinositides. These proteins are lo- 
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