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Cytokine Signaling Through 
Nonreceptor Protein 

~yrosine Kinases 
Tadatsugu Taniguchi 

Cytokines are a family of soluble mediators of cell-to-cell communication that includes 
interleukins, interferons, and colony-stimulating factors. The characteristic features of 
cytokines lie in their functional redundancy and pleiotropy. Most of the cytokine receptors 
that constitute distinct superfamilies do not possess intrinsic protein tyrosine kinase (PTK) 
domains, yet receptor stimulation usually invokes rapid tyrosine phosphorylation of in- 
tracellular proteins, including the receptors themselves. It is now clearthat these receptors 
are capable of recruiting or activating (or both) a variety of nonreceptor PTKs to induce 
downstream signaling pathways. Thus, the intracytoplasmic structure of cytokine recep- 
tors has evolved so as to allow the combined action of different PTK family members 
expressed in different cell types, which may ultimately determine the activity of cytokines. 

Cell-to-cell communication is an essential 
aspect of many biological systems. Cyto- 
kines are a broad group of (mostly) soluble 
factors that mediate this communication. 
and that have been extensively studied in 
the context of natural and acquired immu- 
nity, hematopoiesis, and inflammation (1 ). 
In addition, it is now widely appreciated 
that many cytokines act more broadly in  
many biological systems, including those 
regulating neural and embryonic develop- 
ment (2). Rapid progress has been made in 
the molecular characterization of cytokines 
and their receptors during the past 15 years, 
and the availability of recombinant cyto- 
kines has made it possible to study the 
function of each in its pure form. These 
studies have revealed two remarkable fea- 
tures of cytokines: their functional redun- 
dancy and extensive pleiotropy (1,  3). In 

fact, a given biological function is often 
mediated bv more than one cvtokine, and 
each cytoki'ne can display m"ltiple func- 
tions. Typically, lymphocyte proliferation 
can be induced by a variety of interleukins 
in vitro, including interleukin-2 (IL-2), IL- 
4, IL-5, IL-6, IL-7, and IL-15 (4-7). Yet 
these interleukins can also induce distinct 
cellular responses such as lymphocyte dif- 
ferentiation and immunoglobulin class 
switching (1,  8). Such diverse responses are 
mediated by a complex signaling system in 
which protein phosphorylation by nonre- 
ceptor PTKs appears to be critical. Here I 
summarize our current knowledge of the " 

participation of such PTKs in cytokine sig- 
naling, primarily focusing on  the IL-2-IL-2 
receptor (IL-2R) system. Although the IL- 
2R has a n  unusual variety of intracellular 
signaling partners, all evidence suggests that 
a similarly heterogeneous array of signal 
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Structural and Functional 
Properties of Cytokine Receptors 

Most of the cytokine receptors are type I 
membrane glycoproteins containing a sin- 
gle transmembrane domain and oriented 
with their NH,-termini exterior to the plas- 
ma membrane. Cytokine receptors can be 
further divided into four subtypes, based on 
characteristic structural motifs found in 
their extracellular ligand binding domains 
(Fig. IA). Regarding intracellular signal 
transduction, three important features of 
these recemors stand out. First, the COOH- 
terminal regions of these receptor molecules 
form cytoplasmic tails consisting of tens to 
hundreds of amino acids, yet they possess no 
motifs indicative of any known catalytic 
activitv such as the PTK motifs that are the 
hallmark of many other growth factor re- 
ceDtors (9). Instead. two conserved motifs . , 

are found within the membrane-proximal 
regions of some receptors (referred to as box 
1 and box 2 in Fig. I A )  (6 ,  10). Second, 
manv cvtokine recemors consist of more , , 
than two subunits, although a few function 
as monomers. Third, one receptor subunit is 
often shared among different cytokine re- 
ceptor complexes. For example, IL-2R con- 
sists of three subunits: the a ,  (3, and y 
chains (I I ) ,  formally known as IL-ZRa, 
IL-2RPc, and IL-ZRyc, respectively (Fig. 
2). The  small c denotes that these subunits 
are common to other cytokine receptors; 
IL-2RPc is a subunit of IL-15R, whereas 
IL-2Ryc is a subunit of IL-4R, IL-7R, and 
IL-9R (7 ,  12). Similarly, IL-3R shares its 
IL-3RRc subunit with IL-5R and the gran- 
ulocytk-macrophage colony-stimulating fac- 
tor receptor (GM-CSFR), whereas the 
IL-6RPc (gp130) subunit of IL-6R is also 
used by the leukemia inhibitory factor re- 
ceptor (LIFR), the oncostatin M receptor 
(OSMR), and others (3). Thus, one envis- 
ages that the functional redundancv of cer- 

,3 

tain cytokines may be partly explained by 
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this use of common receptor subunits. 
Although the cytoplasmic regions of the 

type I cytokine receptors lack any intrinsic 
PTK domain, ligand engagement of these 
receptors typically results in the transmis- 
sion of proliferative signals to the cell inte- 
rior. For example, the murine IL-3-depen- 
dent pro-B cell line BAF-l303, which ex- 
presses endogenous IL-2Ra and IL-2Ryc 
but not IL-2Rpc, becomes responsive to the 
proliferative effects of IL-2 upon introduc- 
tion and expression of human IL-2Rpc 
complementary DNA (cDNA). Systematic 
dissection of the IL-2Rpc by means of mu- 
tant cDNAs revealed that a membrane- 
proximal cytoplasmic region, termed the 
serine-rich region (S-region), is critical for 
this IL-2 proliferative response (5) (Fig. 2). 
The S-region includes the box 1 motif 
found in other receptors and is essential for 
proliferative signal transmission (3, 13). 
The cytoplasmic region of the IL-2Ryc 
chain is also required for IL-2, IL-4, and 
IL-7 signaling although it lacks such a motif 
( 14). Typically, receptor heteromerization 
(for example, IL-2R, IL-3R, or IL-5R) or 
homodimerization [for example, erythropoi- 
etin receptor (EpoR), IL-6RP, or granulo- 
cyte colony-stimulating factor receptor (G- 
CSFR)] results in triggering downstream 
signaling events (14, 15). The G-CSFR 
contains, in addition to the box 1 motif, a 

membranedistal region that delivers other 
signals required for cell differentiation (1 6). 
Thus, different cytoplasmic regions of this 
and other receptors appear to play distinct 
roles in mediating the diverse actions of 
cytokines, presumably by their recruitment 
of ancillary molecules necessary for signal 
transmission (see below). 

Physical and Functional 
Interactions of Nonreceptor PTKs 

with Cytokine Receptors 

The Src-family PTKs. Initially, the in- 
volvement of nonreceptor PTKs in cyto- 
kine signaling was shown for the Src-family 
PTK p56'ck (Lck) (Fig. 1B). Lck is physical- 
ly associated with the IL-2Rpc chain in the 
absence of IL-2 stimulation (17), and it is 
rapidly activated upon ligand binding to 
IL-2R (1 7, 18). This intermolecular associ- 
ation occurs between the NH,-terminal re- 
gion of the kinase domain of Lck and a 
cytoplasmic region of the IL-2Rpc chain, 
termed the acidic region (A-region) (Fig. 2) 
and is critical for ligand-induced Pn< acti- 
vation (17, 19). The mechanism of IL-2- 
induced Lck PTK activation is not clear at 
present; however, by analogy to its involve- 
ment with CD4 and CD8, it is possible that 
ligand binding causes IL-2R oligomerization 
or clustering and that this in turn allows 

Type IV 

11- Type I IFNR Type l TNFR Type l ll-1 R 
k;$1(5 ( ~ $ 3 0 )  Type II IFNRa Type ll TNFR Type ll lL-1 R 
It-1- Type II IFNRB NGFR 
UFRa IL-10R Fas 

associated Lck molecules to transphospho- 
rylate each other, activating their intrinsic 
PTKs (20). Alternatively, Lck may be acti- 
vated by other IL-2R-associated PTKs or by 
phosphatases (see below). In different cell 
types, IL-2Rpc can interact with and acti- 
vate different Src family members (21, 22) 
(Table 1). These observations have been 
followed by the discovery of physical and 
functional interaction of various Src-family 
PTKs with other cytokine receptors (23- 
26) (Table 1). 

In the IL-2R system, Lck, Fyn, and Lyn 
are activated through their interaction with 
the A-region of IL-2Rp (1 9, 21, 22). The 
A-region is also required, along with the 
S-region, for IL-2-mediated activation of 
Lck, and this activation is followed by the 
induction of the c-fos and c-jun genes, 
which suggests a role for Src-family PTKs in 
the induction of these proto-oncogenes 
(1 9, 27, 28) (Fig. 2). Lck phosphorylates 
the IL-2Rp chain at either or both of two 
tyrosines (Ty255 and TY?58) within the 
A-region ( 17) (Fig. 2), and phosphorylation 
of these residues may recruit other signaling 
molecules such as phosphatidylinositol-3 
kinase (PI3 kinase) (29). IL-2 also induces 
the tyrosine phosphorylation and IL-2Rp 
association of the adaptor Shc, which has 
been shown to act upstream of Ras (30). 
Cytokine-induced receptor binding of Shc 
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has also been reported for IL-3R and EpoR 
(13). Activation of cHa-Ras by IL-2 has 
been shown to require the A-region of the 
IL-2RPc chain (3 1 ), although binding of 
Shc to this region has not been shown. The 
importance of Lck activation in mediating 
the IL-2-induced stimulation of PI3 kinase 
or cHa-Ras remains unclear. 

BAF cells expressing the mutant IL-2RP 
lacking the A-region still respond to IL-2, 
albeit more weakly than those expressing 
the wild-type molecule (28). In primary T 
cells, deletion of the A-region affects the 
mitogenic function of the IL-2P cytoplas- 

Fig. 2. Schematic' illustration of multiple 
PTKs, downstream effector molecules, 
and target genes involved in IL-2 signaling. 
The tyrosine residues 355 (Y355) and 358 
appear to be phosphorylated by Lck, 
whereas the residues 392 and 510 may 
recruit Stat5 upon phosphorylation by 
Jaks. Two other tyrosines of IL-2Rp and 
four tyrosines of IL-2Ry wlhin their cyto- 
plasmic regions are not indicated. This fig- 
ure does not include other signaling and 
target molecules that have also been re- 
ported to function in the IL-2R system: 
Raf-1 kinase, mitogen-activated protein 
(MAP) kinase, p70 S6 kinase, ~ 3 4 ~ ~  and 
~34*~, p27Kip1, phosphatidylinositol-3 
kinase (PI3 kinase), Shc, and glyco- 
sylphosphatidylinoslol (GPI) (8, 1 l). RAP 
denotes the drug Rapamycin, which is 
known to bind RAFT1-FRAP, a protein 
showing structural homology to lipid ki- 
nases (31). The interaction of these mole- 
cules wlh the PTKs remains unclear. 

mic domain more severely (32). Evidence 
has now been provided showing that a con- 
stitutively active form of Lck can provide a 
mitogenic signal that cooperates with other 
proto-oncogene products, such as c-Myc or 
Bcl-2, to drive the BAF cell cycle in the 
absence of IL-2 or IL-3 (33). These obser- 
vations suggest, but do not prove, a role for 
Lck in mitogenic signaling by IL-2. 

Whether the redundancy of the Src- 
family FTKs engaged with IL-2R and other 
cytokine receptors has any physiological 
meaning in terms of the functional pleio- 
tropism of cytokines is not clear at present; 

Table 1. Activation of nonreceptor-type PTKs and Stat proteins through cytokine receptors. The 
nonreceptor type PTKs that have been shown to associate wlh the respective type I or type I I  cytokine 
receptors (either constiiutively or after cytokine stimulation) are indicated in bold. Molecules in parenthesis 
may be involved in signaling, but their PTK activation has not been confirmed. In mice, two highly related 
genes encoding Stat5 isoforms have been identified (78). Italic numbers in parentheses after names are 
reference numbers. NR, not reported. 

Type l and type I1 Activated nonreceptor-type PTKs Jak-activated Stat 
cytokine receptors General Jak family proteins 

0-CSFR 
PRLR 
EPOR 
IFNdPR 

Lck (1 7), Fyn (221, 
Lyn (21, 221, 
Syk (54) 

Lyn (231, (Fes) (601, 
Tec (61) 

Fes (60) 

Fes (64) 

Jakl (40, 41), Jak3 
(40, 41) 

Jakl (69, Jak2 (65) 

Jakl (41), Jak3 (41) 
Jakl (?) (62), Jak2 

(62) 
Jakl (39), Jak2 (39), 

Tyk2 (39) 
Jakl (66), Jak3 (66) 
Jak2 (67), Tyk2 (67) 
Jakl (?) (68), Jak2 

(68) 
Jakl (69), Jak2 (70) 
Jak2 (71) 
Jak2 (38) 
Jakl (37), Tyk2 (36) 

Jakl (37), Jak2 (37) 

Stat3 (72), Stat5 (51, 
52, 73) 

Stat5 (51), Stat6 (74) 

Stat6 (11-4 Stat) (49) 
NR 

Statl (75), Stat3 
(APRF) (75) 

NR 
Stat4 (67) 
NR 

Stat3 (76) 
Stat5 (MGF) (77) 
NR 
Statl (a), Stat2 (S), 

Stat3 (47) 
Stat1 (48) 
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however, it may be worth pointing out that 
IL-2 increases the cytotoxic activity of 
CD8+ T cells and natural killer cells, which 
predominantly express kk, whereas it induc- 
es immunoglobulin production in B cells, 
which express lyn (8, 34). Evidence sup- 
porting a role for Lck in IL-2-induced cy- 
totoxicity has been recently presented (35). 

The Jak-family PTKs. Much attention 
has been focused on another FTK family 
involved in cytokine signaling: the Janus 
kinase (Jak) family (Fig. 1B). Both type I 
and type I1 cytokine receptors can activate 
one or more of the members of this FTK 
family (Table 1) (13). Evidence for the 
involvement of the Jak-family PTKs in cy- 
tokine signaling was first provided by genet- 
ic complementation experiments, in which 
a mutant cell line defective in the type I 
interferon (IFN) (IFN-a and -P) signaling 
pathway w a ~  rescued by transfection with a 
genomic DNA encoding TykZ (36). Similar 
genetic studies on the type I and type I1 IFN 
(IFN-y) systems provided further compel- 
ling evidence for the involvement of Jakl 
and TykZ in the former, and Jakl and Jak2 
in the latter, signaling processes (37). The 
critical role of the Jak-family FTKs has also 
been shown in the case of the growth- 
promoting, type I cytokine receptors (13) 
(Table 1). Each receptor selectively associ- 
ates with distinct Jak members. Some recep- 
tors, such as EpoR, bind only one Jak-family 
member (38), whereas IL-6RP (gp130) is 
capable of recruiting three different mem- 
bers (39). In the case of IL-2R, the IL-2RPc 
chain and IL-2Ryc chain selectively.recruit 
Jakl and Jak3, respectively (40). These in- 
teractions require the S-region of IL-2RPc 
and the COOH-terminal 48-amino acid 
residues of IL-ZRyc, respectively, and both 
regions are indeed critical for Jak FTK ac- 
tivation and proliferative signal transmis- 
sion (40, 41) (Fig. 2). Jak3 mutants lacking 
the JH3-JH7 region, but not the JH1 FTK 
domain, do not interact with IL-2Ryc (42). 

The mechanism of Jak PTK activation. 
How do these Jak-family PTKs become ac- 
tivated? It is likely that ligand-induced re- 
ceptor dimerization or oligomerization 
brings about the local aggregation of these 
molecules, resulting in the activation of 
FTKs by cross-phosphorylation, a mecha- 
nism analogous to the well-established sys- 
tem of cross-activation of growth factor re- 
ceptor FTKs resulting from ligand-induced 
receptor dimerization (9, 13). Although use 
of Jak FTK family members by cytokine 
receptors may seem random prima facie, 
Jakl and Jak3 (and perhaps Tyk2) always 
bind in combination with other members of 
the same family, whereas Jak2 often binds 
to receptors alone, particularly in the case 
of the monomeric receptors [such as EpoR 
and prolactin receptor (PRLR)] (Table 1). 
Hence, Jak2 molecules may be capable of 



cross-activating each other when they are 
brought into proximity by ligand-induced 
receptor dimerization, whereas other mem- 
bers may require a partner of the same 
family for optimal cross-activation to occur. 
In the NIH 3T3 fibroblast line 3T3aPy, in 
which IL-2R has been reconstituted by 
cDNA expression and which expresses en- 
dogenous Jakl, Jak2, and Tyk2 but not 
Jak3, IL-2-induced activation of Jakl is 
weak but is dramatically augmented upon 
ectopic expression of the Jak3 cDNA (43). 
Consistently, the combined overexpression 
of Jakl and Jak3 in BAF-B03 cells, but of 
neither alone, results in the constitutive 
activation of these PTKs (44). Regarding 
the functional pleiotropism of cytokines, it 
may be particularly significant that in the 
IL-6RP (gpl30)-LIFRP system, where dis- 
tinct receptors use the same receptor com- 
ponents, a particular cytokine can induce 
distinct phosphorylation patterns of the 
Jak-family PTKs in different cell lines (39). 

Functional role of Jak PTKs. Several lines 
of evidence indicate that these Jak-family 
members also play critical roles in type I 
receptor signaling. The Jak recruitment 
sites of many type I receptors correspond to 
the box l-containing regions required for 
proliferative signal transmission (13). In 
NIH 3T3-derived 3T3aPy cells expressing 
the reconstituted IL-2R (and endogenous 
Jakl) ,  IL-2-induced cell cycle progression 
to the S phase of DNA replication was 
achieved by the additional ectopic expres- 
sion of Jak3 (40). When a mutant form of 
Jak3 that lacks the JH1 PTK domain but 
can still associate with IL-2Ryc was over- 
expressed in the BAF-B03-derived F7 cell 
line expressing reconstituted IL-2R, the 
IL-2 response but not the IL-3 response was 
strongly inhibited (42). Similarly, overex- 
pression of a PTK-deficient form of Jak2 
resulted in the inhibition of the Epo re- 
sponse (45). IL-6 responses are impaired in 
a cell line lacking Jakl (46). However, the 
mechanisms bv which these PTK members 
function to mkdiate cytokine-induced cel- 
lular responses are not fully understood. As 
described below. the best characterized mo- 
lecular event fdllowing the stimulation of 
Jak PTKs thus far is the activation of a 
familv of latent transcri~tion factors. 
termLd Stat proteins (signal iransducers and 
activators of transcri~tion) (47). In addi- . . . ,  
tion, tyrosine phosphorylation (direct or in- 
direct) of cytokine receptors by Jak PTKs 
mav create dockine sites for SH2-contain- 

u 

ing signaling molecules, which include Shc, 
the 85 subunit of PI3 kinase, Vav, IRS-1, 
4PS, PTPIC, and Syp (13). 

Activation of Stat proteins. The Stat pro- 
teins usually reside in the cytoplasm and 
become activated when pho~phor~lated on 
specific tyrosine residues, presumably as a 
direct result of Jak PTK action. These phos- 

phorylated Stats then form homo- or het- 
erodimers, in which the phosphorylated ty- 
rosine residue of each Stat interacts with 
the SH2 domain of its partner and they 
migrate to the nucleus, thereafter function- 
ing as transcription factors (13, 47). The 
SH2 domain appears to play a critical role 
in the recruitment of a given Stat factor to 
each receptor upon receptor tyrosine phos- 
phorylation, an early event required for the 
selective activation of Stats by cytokines 
(see below). 

Different Stats become activated by dif- 
ferent receptors (Table I) .  This differential 
activation does not result from the use of 
different Jak PTKs by individual receptors: 
IL-2 and IL-4 activate both Jakl and Jak3, 
yet different Stats are activated as a result; 
whereas IL-2 and prolactin both activate 
Stat5 (or a highly related factor) yet use 
distinct Jak PTKs (Table 1). It appears that 
in many cases the specificity of activation 
depends on the particular coupling of latent 
Stats to the intracellular domains of their 
cognate receptors, as was originally pro- 
posed in the case of the type I1 interferon 
receptor (IFNR) (48) and for IL-4R (49), 
which activate Statl and Stat6 (IL-4 Stat), 
respectively. A similar mechanism operates 
in the case of the type I IFNR which, unlike 
type I1 IFNR, activates Stat2; and this 
event is critical for subsequent heterodimer- 
ization with, and activation of, Statl (50). 

In the case of IL-2R, two tyrosine resi- 
dues within the IL-2RP chain, Tyr3" and 
Tyr510, may be primarily required for Stat5 
activation because receptor-derived peptide 
fragments harboring either of these ty- 
rosines inhibit Stat5 activation (51 ). Con- 
sistently, in the BAF-derived cell line H-4, 
which expresses a mutant IL-2RP lacking 
the H-region (H-mutant) (Fig. 2) (5), the 
Jakl and Jak3 PTKs are both activated by 
IL-2; however, Stat5 activation is almost 
completely abrogated (52). Although not 
clearly discernible in the primary sequence, 
one may envisage the existence of certain 
sequence motifs required for Jak-mediated 
phosphorylation and subsequent Stat re- 
cruitment. On  the other hand, tyrosine 
phosphorylation of the growth hormone re- 
ceptor, EpoR, and IL-3R chains may not be 
required for Stat activation (53). Specificity 
in these cases presumably resides within the 
higher-order conformation of the receptor 
cytoplasmic domains. It is also possible that 
the SH2 domains or other domains within 
Stat proteins may contribute to their selec- 
tive interaction with Jak-receptor complex- 
es (13). 

The observation that Stat5 activation is 
abrogated in H-4 cells raises the intriguing 
issue of whether Stats play a role in cyto- 
kine-stimulated proliferative signal trans- 
mission. The IL-2RP H-mutant can trans- 
mit IL-2-induced proliferative signals in 

both BAF-BO cells and primary T cells (5, 
32, 52). A similar observation has been 
made with Stat6, whose activation is not 
required for the induction of mitogenesis 
after IL-3R or IL-4R sti~nulation (53). Al- 
though further work will be required before 
making any generalizations, these results 
suggest that Stat activation may participate 
in other aspects of cytokine responses, such 
as cell differentiation. It is also possible that 
Jak PTKs may participate in activating oth- 
er nonreceptor PTKs (see below). It will be 
important to study the function of Jak PTKs 
in contexts other than Stat activation. 

The Syk-ZAP-70 and other P T K  mem- 
bers. In addition to the above two nonre- 
ceptor PTK families, other PTK family 
members have been shown to be associated 
with or activated by (or both) type I recep- 
tors: the Syk-Zap-70 family, Btk-Tec fami- 
ly, and Fes family (Fig. 1B and Table 1). As 
diagrammed in Fig. 2, the S-region of the 
IL-2RPc chain can recruit Syk in addition 
to Jakl, and the Syk PTK is activated upon 
IL-2 stimulation (54). More recently, asso- 
ciation of the related ZAP-70 kinase with 
IL-2R was also observed, a situation remi- 
nlscent of that observed with Src-family 
PTKs (55). The mechanism of Syk-ZAP-70 
PTK activation by IL-2 is not known at 
present. One possibility involves Jak PTKs 
(discussed below). It is noteworthy that the 
IL-2RPc S-region does not contain the 
ARAM (or TAM or ARHI) motif found in 
molecules of the T cell and B cell antigen 
receptor complexes, where it functions in 
the recruitment of these PTKs (20). Thus 
Syk-ZAP-70 PTK activation by IL-2 may 
represent a new example of an intermolec- 
ular association between the Syk-ZAP-70 
family and a membrane receptor. 

Syk activation by IL-2R requires the S- 
region, hut not the A-region, of the IL-2RP 
chain, which indicates that Lck activation 
is not required for Syk activation (54), at 
least in this system (56). Antibody-mediat- 
ed clustering and activation of Syk PTK in 
BAF cells results in the induction of the 
c-myc but not c-fos genes (54). Thus, the 
Lck and Syk pathways may be selectively 
linked to distinct proto-oncogenes. Anoth- 
er critical proto-oncogene, bcl-2, is linked 
to a Rapamycin-sensitive pathway (Fig. 2) 
(33). The above results suggest a role for 
Syk PTK (and probably ZAP-70 PTK) in 
1L-2 signaling, but the mechanisms by 
which these kinases are activated is un- 
known. It will be interesting to examine 
whether there exists any hierarchy of PTK 
activation during IL-2 signaling; that is, it is 
possible that Jakl or Jak3 may function 
upstream of other PTK members. Support- 
ing this view is the observation that in 
BAF-derived F7 cells overexpressing the 
dominant-negative form of Jak3, IL-2 in- 
duction of the c-fos and c-myc genes, but 
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not the bcl-2 gene, is inhibited (42). 
Althoueh other nonreceDtor PTK mem- " 

bers (Fig. 1B) have not yet been extensively 
studied, genetic data suggest the importance 
of, for example, Btk in IL-5 signaling. The 
IL-5 resDonse is com~romised in B cells 
from X-chromosome-linked immunodefi- 
cient (x id )  mice, which carry a mutation in 
btk (57). It is interesting that mice deficient 
for fyn also manifest a similar phenotype 
(58), because it has been reported that Btk 
interacts with Fyn (59). At present, it is not 
clear whether type I11 and IV receptors use 
any of the PTKs listed in Fig. 1B. 

Conclusions and Perspectives 

Different cytokines can act on the same cell 
tvDe to mediate similar effects (redundan- , . 
cy), whereas many cytokines exhibit a wide 
ranee of bioloeical effects in various tissues - - 
and cells (pleiotropy). This functional re- 
dundancy and pleiotropy in cytokine signal- 
ing can be explained in part by the exis- 
tence of shared receptor subunits among the 
different cytokine receptor systems and the 
association of multiple distinct nonreceptor 
PTKs with different receptors. The specific- 
ity of cytokine signaling may be controlled 
at different levels: First. the intracellular 
structures of the receptor dictate which of 
the sienaling molecules such as PTKs or - - 
Stats are to be recruited or activated. Sec- 
ond, the specificity of signaling by a given 
cytokine may also be dependent on the 
expression levels of signaling molecules in 
different cell types. The cooperation be- 
tween different combinations of receptor 
subunits in distinct cell types would allow 
the generation of further diversity in the 
activation of overlapping or distinct signal- 
ing pathways. 

Here, we start to notice the similarities 
and differences between cytokine receptors 
and other growth factor receptors contain- 
ing an intrinsic PTK domain. Both control 
the recruitment of signaling molecules by 
tyrosine phosphorylation. On the other 
hand, the uniqueness of the cytokine recep- 
tors lies in the fact that their intracellular 
domains have structurally evolved to recruit 
multiple PTKs, presumably in order to in- 
crease the flexibility of cytokine action, 
allowing diverse responses in different cell 
types. 

It will not be surprising if future studies 
unearth additional pathways, including 
some that do not include PTKs. which serve 
to link the cytokine receptors to a broad 
array of signal transduction systems. 
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