
not shown). Consistent with previous results I I ,Jak-3 is expressed 
in breast-tis sue-derived ceIl lines (K.S.L. and E.T.L., unpub
lished observations). 

To assess Jak-3 in sign aIling, cytokine-induced tyrosine phos
phorylation was examined. Phosphorylation was not seen with 
erythropoietin, IL-3, granulocyte macrophage colony-stimulat
ing factor (GM-CSF), G-CSF, interferon-a (IFN-a), IFN-y or 
IL-6 (data not shown), but was seen in IL-2- or IL-4-stimulated 
cells. In CTLL ceIls, IL-2 and IL-4 induced tyrosine phosphory
lation of several proteins (Fig. 4), including proteins of 120K 
and 130K, as recently shown 16. IL-2 and IL-4 induced tyrosine 
phosphorylation of Jak-3 (aJak-3), which co migrated with the 
major l20K substrate, and Jak-l (aJak-l), which comigrated 
with the 130K substrate. No Jak-2 or Tyk-2 phosphorylation 
was detected (data not shown). Last, the Jak-3/Jak-l-cross
reactive Tyk-2 antiserum immunoprecipitated proteins that 
comigrated with Jak-l and Jak-3 but not Tyk-2. Phosphory
lation was detectable within 1 min, peaked at 20-30 min and 
subsequently declined (data not shown). 

Cytokine-induced tyrosine phosphorylation of Jaks activates 
their in vitro kinase activity l.2,4,7,9. Therefore, we examined the 
effects of IL-2 or IL-4 on kinase activity. No kinase activity was 
detected in immunoprecipitates of Jak-l or immunoprecipitates 
of Jak-3 obtained with the Jak-3-specific antiserum (data not 
shown). However, the Jak-3 antiserum is against a peptide con
taining the autophosphorylation site (KDYY; single-letter 
amino-acid code) and could interfere with activity. Therefore 
immunoprecipitates obtained with the Jak-l/Jak-3 crossreactive 
antiserum were examined. With these, IL-2- and IL-4-induced 
in vitro kinase activity was readily detected (Fig. 4b) and the 
single phosphorylated protein comigrated with Jak-3. No detect
able Jak-l phoshorylation was seen. Amino-acid analysis of 
phosphorylated Jak-3 detected exclusively phosphotyrosine 
(data not shown). 

To assess the specificity of Jak-3 activation, we examined 
CTLL cells expressing the erythropoietin receptor, which shares 
homology in the cytoplasmic domain with the IL-2 receptor [3-
chain17. Transfected CTLL ceIls express levels of high-affinity 
erythropoietin receptors comparable to transfected myeloid ceIls 
(O.M. and J.N.J, unpublished data). Erythropoietin, but neither 
IL-2 nor IL-4, induced tyrosine phosphorylation of Jak-2 (Fig. 
4c). Conversely, IL-2, but not erythropoietin, induced phos
phorylation of Jak-3. 

The IL-2 receptor consists of a-, [3- and y-chains IR
• The y

chain is also used in the IL-4 receptor l9
,20 and is essential for 

function. The [3-chain is also essential and contains two func
tional domains. An acidic domain is required for association 
and activation of p56lck

, p59"yn or p53/561yn18 but is dispensable 
for mitogenesis, In contrast, the membrane-proximal, serine-rich 
domain is required for mitogenesis. To assess their role in Jak-
3 activation, the wild-type and receptors lacking the acidic (A
mutant) or serine-rich (S-mutant) domains were introduced into 
IL-3-dependent 32Dc13 (Fig. 4d, e). Cells expressing the wild
type receptor, or the A-mutant, responded to IL-2 but not cells 
expressing the S-mutant. IL-3 stimulation of ceIls expressing the 
wild-type receptor resulted in only Jak-2 phosphorylation. In 
contrast, IL-2 stimulation induced Jak-3 phosphorylation, but 
not Jak-2 or Tyk-2, and activated Jak-3 in vitro kinase activity 
(data not shown). Of note, Jak-l was not detectably phosphory
lated in any of these experiments. Last, IL-2 stimulation of cells 
expressing the A-mutant-, but not the S-mutant-, induced activa
tion of Jak-3. 

The results demonstrate that IL-2 and IL-4 consistently activ
ate Jak-3 and, in CTLL cells, also activate Jak-1. Activation of 
two Jaks is required for IFN signaIling7.8 ; thus, it wiIl be impor
tant to determine whether activation of both Jak-I and Jak-3 is 
required for a T-cell response. Activation of Jak-3 requires the 
membrane-proximal, serine-rich region of the IL-2 receptor [3-
chain and thus correlates with mitogenesis. However, additional 
approaches are needed to determine if Jak-3 is essential for IL-
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2 signaIling. In several cytokine receptors, the membrane-proxi
mal, boxl/box2 motifs bind Jaks. The presence of this motif in 
the IL-2 [3-chain suggests that Jak-3 associates with the [3-chain. 
Consistent with this, Jak-3 co-immunoprecipitates with the IL-
2R complex (Johnston et al., accompanying manuscript)30 and 
previous studies l6 identified an IL-2-induced tyrosine phos
phorylated I 16K protein crosslinked to the [3-chain which might 
be Jak-3. In addition to Jaks, cytokines activate transcription 
factors of the signal transducers and activators of transcription 
(STAT) familll 25 and related proteins are induced by IL-4 and 
IL_226 (W. Thierfelder and J.N .1., unpublished data). Thus, the 
identification of Jak-3 in IL-2 and IL-4 signaIling supports the 
general concept that cytokine receptor superfamily members 
couple ligand binding to activation of Jaks which, in turn, activ
ate ST ATs as a primary signaIling pathway. 0 

Received 23 March; accepted 26 May 1994. 

1. Witthuhn, B. et al. Cell 74,227-236 (1993). 
2. Artgetsinger, L. S. et al. Cell 74, 237-244 (1993). 
3. Campbell, G. S. et al. Proc. natn. Acad. Sci. U.S.A. 91, 5232-5236 (1994). 
4. Silvennoinen, O. et al. Proc. natn. Acad. Sci. U.S.A. 90, 8429--8433 (1993). 
5. Quelle, F. W. et al. Molec. cell. Bioi. 14, 4335--4341 (1994). 
6. Velazquez, L., Fellous, M., Stark, G. R. & Pellegrini, S. Cell 70, 313-322 (1992). 
7. Muller, M. et al. Nature 366, 129-135 (1993). 
8. Watling, D. et al. Nature 366, 166--170 (1993). 
9. Stahl, N. et al. Science 263, 92-95 (1994). 

10. Narazaki, M. et al. Proc. natn. Acad. Sci. U.S.A. 91, 2285-2289 (1994). 
11. Cance, W. G., Craven, R. J., Weiner, T. M. & Liu, E. T. Int.). Cancer 54, 571-577 (1993). 
12. Sanchez, M. P., Tapley, P., Saini, S. S., Pulido, D. & Barbacid, M. Proc. natn. Acad. Sci. 

U.S.A. 91, 1819-1B23 (1994). 
13. Firmbach-Kraft, I.. Byers, M., Shows, T., DaJJa-Favera, R. & Krolewski, J. J. Oncogene 5, 

1329-1336 (1990). 
14. Harpur, A. G., Andres, A. C., Ziemiecki, A., Aston, R. R. & Wilks, A. F. Oncogene 7, 1347-

1353 (1992). 
15. Wilks, A. F. et al. Molec. cell. Bioi. 11, 2057-2065 (1991). 
16. Kirken, R. A., Hallgeir, R., Evans, G. A. & Farrar, W. L. ). bioi. Chem. 268, 22765-22770 

(1993). 
17. D'Andrea, A. D., Fasman, G. D. & Lodish, H. F. Cell 58, 1023-1024 (1989). 
18. Taniguchi, T. & Minami, Y. Cell 73, 5--8 (1993). 
19. Russell, S. M. et al. Science 262, 1880-1883 (1993). 
20. Kondo, M. et al. Science 262, 1874-1877 (1993). 
21. Pellegrini, S. & Schindler, C. Trends biochem. Sci. 18, 338--342 (1993). 
22. Zhong, Z., Wen, Z. & Darnell, J. E. J. Science 264, 95--98 (1994). 
23. Akira, S. et al. Cell 77, 63-71 (1994). 
24. Wakao, H., Gouilleux, F. & Groner, B. EMBO). 13, 2182-2191 (1994). 
25. Lamer, A. C. et al. Science 261, 1730-1733 (1993). 
26. Kotanides, H. & Reich, N. C. Science 262, 1265-1267 (1993). 
27. Schatz, D. G., Oettinger, M. A. & Baltimore, D. Cell 59, 1035-1048 (1989). 
28. Sanger, F .. Nicklen, S. & Coulson, A. R. Proc. natn. Acad. Sci. U.S.A. 74, 5463-5467 

(1977). 
29. Migliaccio, G., Migliaccio, A. R., Kreider, B. L., Rovera, G. & Adamson, J. W. J. Cell Bio/. 

109, 833--841 (1989). 
30. Johnston, J. A. et al. Nature 370, 151-153 (1994). 

ACKNOWLEDGEMENTS. We thank L. Synder and C. Miller for technical assistance. This research 
was supported, in part, by the National Cancer Institute Center Support (CORE), the National 
Institute of Diabetes and Kidney Diseases and the American Lebanese Syrian Associated Chari
ties. The studies were also supported by a National Cancer Institute Specialized Program of 
Research Excellence in Breast Cancer (SPORE). 

CORRECTION 

Binding of phosphatidyl
inositol-3-0H kinase to CD28 
is required for T-cell signalling 
Fran~oise Pages, Marguerite Ragueneau, 
Robert Rottapel, Alemseged Truneh, 
Jacques Nunes, Jean Imbert II Daniel Olive 

Nature 369,327-329 (1994) 

IN the Acknowledgements section of this letter, the financial 
support for R.R. should have been acknowledged as "R.R. was 
the recipient of an INSERM fellowship and is now supported 
by a centennial fellowship of the MRC of Canada." 0 

157 


	Binding of phosphatidyl-inositol-3-OH kinase to CD28 is required for T-cell signalling

