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Abstract 

Ciliary neurotrophic factor (CNTF) shares structural and functional properties with members 
of the hematopoietic cytokine family. It is composed of a four-helix bundle structure and shares 
the transmembrane signal transducing proteins, glycoprotein-130 (gp130) and leukemia inhibitory 
factor receptor (LIF-R). Structure-function analysis showed that the gp130-interactive proteins 
bind in a similar manner to that of growth hormone (sites I and II). In addition, gp130-interactive 
proteins and granulocyte colony-stimulating factor (G-CSF) utilize another binding site (site III) 
at the boundary between CD loop and helix D. CNTF triggers the association of receptor compo- 
nents, resulting in activation of a signal transduction cascade mediated by specific intracellular 
protein tyrosine kinases. The Janus kinase (JAK)/signal transducer and activator of transcription 
(STAT) and Ras/mitogen-activated protein kinase (MAPK) signaling pathways have been char- 
acterized in terms of gp130-interactive protein, and there should be other pathways and some 
crosstalk between them to enhance, prolong, or specify the signals. 

Index Entries: Cytokine; CNTF; IL-6; LIF; gp130; four-helix bundle; structure-function; 
JAK kinase. 

Introduction 

Ciliary neurot rophic  factor (CNTF), origi- 
nally character ized as a survival  promot ing  
factor for ciliary ganglion neurons (1), exerts 
neurotrophic activity on various neuronal  cell 
types, including sensory and motor neurons in 
vitro and in vivo (2,3). The effectiveness on 
m o t o r  n e u r o n s  led  to a c l in ica l  t r ia l  for 
amyotrophic  lateral sclerosis (ALS) patients 
with CNTF (4). However,  these trials disclosed 

*Author to whom all correspondence and reprint requests 

serious side effects resembling a general ized 
inflammatory reaction (5). 

CNTF is a member  of a family of proteins 
that includes leukemia inhibitory factor (LIF), 
oncostatin M (OSM), cardiotrophin-1 (CT-1), 
interleukin-6 (IL-6), and interleukin-11 (IL-11). 
The family is characterized by their interaction 
with structurally related and partially common 
receptor subunits, as well  as overlapping bio- 
logical activities (6-8). Moreover, CNTF shares 
w i th  these p ro te ins  a four  m-helix b u n d l e  

should be addressed. 
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Fig. I. Amino acid sequence comparison of CNTFs. Human (12), rabbit (I0), and rat ( I I )  CNTF and GPA 
(chicken CNTF) (14) sequences are shown by the one-letter code. 

topology similar to that of human growth hor- 
mone (GH), granulocyte colony-stimulating 
factor (G-CSF), prolactin (PRL), and erythro- 
poietin (EPO). CNTF exerts its biological effects 
through the activation of a multichain receptor 
complex (7), consisting of a ligand-specific sub- 
unit (CNTF-Ro0 and two structurally related 
transmembrane signal transducing proteins, 
glycoprotein-130 (gp130) and LIF receptor 
(LIF-R), resulting in the activation of a signal 
t ransduction cascade mediated by specific 
intracellular protein tyrosine kinases (7). In this 
article we focus on the unity and diversity of 
CNTF and related cytokines (and growth fac- 
tors), in terms of the ligand structure, receptor 
binding, and signal transduction. 

Ligand Structure 

Primary Structure 
CNTF shows a very low sequence similarity 

to other known proteins, including related 
cytokines. Even the LIF, one of the most similar 
proteins, shares only 15% amino acid identity 
expected from the structure-based alignment 
(9). Regarding species diversity, rabbit (10), rat 
(11), and human (12,13) CNTF proteins share 
about 80% identity (Fig. 1). Less conserved is 
the sequence of a chicken counterpart (14), 
growth-promoting activity (GPA)/chicken 
CNTF, which is considerably less homologous 

(about 50%) with mammalian CNTFs (Fig. 1). 
Since the homology is much lower than that 
between avian and mammalian homologs of 
neurotrophins, such as brain derived neuro- 
trophic-factor (BDNF) (15), it has been still 
argued whether GPA is the chicken form of 
CNTF or whether there is a family of CNTF/ 
GPA-like molecules (16). A GPA-specific recep- 
tor (GPA-Rc0 has been cloned that has 70% 
amino acid identity with human CNTF-Rc~ 
(17), which value is relatively higher than that 
of ligands. GPA displays similar biological 
effects on neuronal cells, but it is more active 
on chick neurons than human  CNTF and 
shows different receptor binding ability from 
that of human CNTF (18). Another important 
difference is that GPA is a secreted protein that 
is released from isolated choroid cells in a bio- 
logically active form (14). In contrast, mamma- 
lian CNTF is not secreted and is called a lesion 
factor, which is released from damaged cells to 
restore neuronal function after injury (I 9). Nei- 
ther GPA nor CNTF contains an N-terminal 
signal sequence for secretion. However, the 
first 57 amino acids of GPA are considered to act 
as an internal signal sequence for secretion (20). 

Tertiary Structure 
CNTF is structurally and functionally related 

to members of a family of cytokines that include 
LIF, OSM, CT-1, IL-6, and IL-11 (6-8,21). The ter- 
tiary structures of CNTF (Fig. 2A) (9) and LIF 
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Fig. 2. Tertiary structural model and schematic receptor binding sites of CNTF (A) and GH (B). CNTF uses 
the extra site (site III) for receptor recognition. Detailed data for receptor binding site and residues are summa- 
rized in Table 1. 

(23) have been solved by X-ray crystallography, 
confirming the prediction that they belong to 
the long-chain helical cytokine superfamily, 
including GH and GCSF (21). That is, they have 
highly similar tertiary structures, although 
there is little or no primary sequence homology. 
The common structural motif of these proteins 
is a core of four helices, A, B, C, and D, arranged 
in the "up-up-down-down" topology seen in 
long- and short-chain helical cytokines (21). 

Furthermore, the four-helix bundle structure 
is common to other functionally diverse pro- 
teins with different topologies from the above 
hematopoietic cytokines, an "up-down-up- 
down" topology in cytochromes C' and b562, 
an "up-down-down-up" topology in ferritin 
superfamily, and others (24). The four-helix 
bundle would be a simple and stable form with 
buried hydrophobic interaction of the amphi- 
philic helix and the interaction of helical dipole 
(24). Therefore, many proteins would use the 

structure by convergent evolution. In an "up- 
up-down-down" topology protein like CNTF, 
additively, the interligand interactions between 
helix A/D and helix B/C would be important 
for structural stability, considering that anti- 
parallel helices are more stable than parallel 
helices (25). 

A structural comparison of CNTF and the 
other long-chain helical cytokines, such as LIF 
(23), GH (22), and G-CSF (26), which have been 
determined by X-ray crystallography, has 
revealed that  CNTF has s imilar  packing 
arrangements and interhelical angles to other 
long-chain helical cytokines (9), similar to those 
described above. However, minor structural 
differences between CNTF and LIF have also 
been reported (9). The helix D of CNTF is com- 
parable in length with that of G-CSF (and GH) 
and is about two helix turns longer than that of 
LIF, and helix A shows great variation in those 
proteins (CNTF and LIF). CNTF can be super- 
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imposed best with G-CSF. CNTF and LIF share 
the same signal transducing proteins, LIF-R 
and gp130, but LIF solely binds LIF-R, whereas 
CNTF does not (27). The binding of CNTF to 
the other ligand-specific subunit, CNTF-Rc~, is 
considered to be essential for subsequent LIF-R 
and gp130 binding (28). The cause of these dif- 
ferences has not yet been identified. Tertiary 
and/or  primary structural differences, that is, 
the minor tertiary difference described above 
and/or  the variation of residues that are criti- 
cal for the binding to respective receptor com- 
ponents, should produce them. 

Receptor Binding 

Receptor Binding Region on Ligand 
(Structure-Function Relationship Analysis) 
Structure-function relationship analyses 

based on physical studies, computer modeling, 
and mutagenesis  have helped researchers 
understand how CNTF and its related cyto- 
kines bind. The regions of human GH that 
interact with its homodimeric receptor were 
revealed unambiguously by X-ray crystallog- 
raphy of the GH/GH-receptor complex (22). 
The primary receptor binding site of GH (site I) 
includes surface residues of helix D, residues in 
the loop between helices A and B (AB loop), 
including the segment of the minihelix present 
in this loop, and some residues of helix A. The 
secondary receptor binding site (site II) com- 
prises surface residues at the N-terminus of 
helix A, in helix C, and in the loop between 
helices B and C (BC loop). The detailed struc- 
tural data of GH has provided a paradigm for 
the proposed receptor binding sites of other 
cytokines (29,30). Accordingly, receptor binding 
complex models of CNTF (31), LIF (23), G-CSF 
(26), and IL-6 (32) like that of GH have been 
proposed. The results obtained from the struc- 
ture-function relationship analyses of long- 
chain group four-helix bundle proteins are 
summarized in Table 1. Two receptor binding 
sites, site I and site II, seem to be common to all 
of them. The overall receptor binding mode 

would be similar in all long-chain group four- 
helix bundle proteins. 

Crosslinking studies suggest  that CNTF 
makes direct contact with all the receptor com- 
ponents on the cell surface (68,69). This indi- 
cates that there should be at least three receptor 
binding sites on the CNTF ligand that partici- 
pate in the binding of each component. The 
localization of part of the CNTF-Roc epitope to 
an accessible surface constituting helix D (Q167 
[43]), the AB loop (Q63 and W64 [31,39]), and 
helix A (R25 and R28 [31]) is at an equivalent 
position to site I of GH (22). Identification of 
the epitope for gp130 is difficult because of the 
lack of conserved surface residues between 
gp130-interactive cytokine sequences. Muta- 
genesis data for CNTF suggest that K23 and 
D30 on helix A contribute to the gp130 receptor 
epitope (31), as do the equivalent residues Y31 
and G35 of IL-6 (29). Both pairs of residues are 
located at a region similar to site II of GH (22). 

In addition to site I and site II, the boundary 
region between the CD loop and the helix D 
so-called D1 cap region (70), site III in Table 1, 
is involved in the receptor recognition and bio- 
logical activity of CNTF (44). The involvement 
of this region in receptor recognition has also 
been suggested for IL-6 (51), LIF (23), and G-CSF 
(61). However, GH does not utilize site III for 
receptor recognition in the crystal structure of 
the GH/GH-receptor complex (22) and neither 
do PRL and EPO. That is, a site III receptor 
binding site might be common only to gp130- 
interactive protein and G-CSF. The D1 motif 
consisting of O0-F /W-E /  Q-K/R-K/R-Oo-X-G (qb = 
hydrophobic residue, X = any residue) was 
proposed as the consensus sequence in the D1 
cap region (70). The D1 motif  consensus  
sequence is well conserved only in LIF-R-inter- 
active proteins, such as CNTF, LIF, OSM, and 
CT-1 among the gp130-interactive proteins 
(Table 2). The corresponding residues of IL-6 
and IL-11, both of which are gp130-interactive 
proteins, but do not interact with LIF-R, have 
less homology with the D1 motif consensus 
sequence. This led to the proposal that site III 
is recognized by LIF-R in CNTF, LIF, OSM, CT-1, 
and gp130 (second gp130) in IL-6 and IL-11. In 
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Table 2 
Amino Acid Sequence Comparison Among gp130 Interactive Proteins 

D1 motif Residue 
consensus sequence ~ F/W E/Q K/R K/R ~ X G ranges 

gp130- and LIF-R-interactive proteins 
CNTF Human L F E K K L W G 151-158 

(GPA) Rat L F E K K L W G 151-158 
Rabbit L F E K K L W G 150-157 
Chicken L F E Q K L R G 150-157 
Human V F Q K K K L G 154-161 
Mouse A F Q R K K L G 154-161 
Rat A F Q R K K L G 154-161 
Human A F Q R K L E G 159-166 
Simian V F Q R K L E G 159-166 
Bovine T F Q R K L R N 147-154 
Mouse I F S A K V L G 169-176 

LIF 

OSM 

CT-1 
gp130-interactive, but LIF-R-noninteractive proteins 

IL-6 Human Q W L Q D M T T 156-163 
Mouse E W L R T K T I 156-163 
Rat E W L R T K T I 156-163 
Bovine E W V K N A K I 152-159 
Sheep E W V K N A K V 152-159 
Pig E W M K N T K I 156-163 
Dog E C V K H T T I 156-163 

IL-11 Human G G I R A A H A 148-155 
Monkey G G I R A A H A 148-155 

~: Hydrophobic amino acid; X: any amino acid residue. Boldface show the amino acids that are homologous to 
D1 motif. 

fact, the CD loop region of LIF is involved in 
LIF-R b ind ing  (45). Owczarek et al. have also 
s h o w n  that  the BC loop and  helix C region 
(103-130) of LIF are involved in LIF-R b ind ing  
(45). Some par t  of the BC loop and helix C, 
which  is especially close to the D1 cap region, 
migh t  be inc luded  in site III. In addit ion,  the 
D1 mot i f  is no t  conse rved  in GH, PRL, and  
EPO, bu t  it is in G-CSF (44,70), suppor t ing  the 
no t ion  that  only G-CSF am ong  gp130 uninter-  
active long-cha in  four-helix bund le  prote ins  
can use site III for receptor  recognition. 

Receptor Binding Scheme 

CNTF exerts biological activities th rough  the 
act ivat ion of a mul t i cha in  receptor  complex,  
consisting of a ligand-specific subunit (CNTF-Ro0, 
which  is l inked to the cell membrane  by a gly-  

cosyl-phosphat idyl- inosi tol  (GPI) anchor  (68) 
and two s tructural ly  related t r a n s m e m b r a n e  
signal t ransducing  proteins,  gp130 and LIF-R 
(7). CNTF and its related proteins,  LIF, OSM, 
CT-1, IL-6, and  IL-11, all share the signal-trans- 
ducing receptor componen t ,  gp130, wh ich  was 
initially identif ied as the signal t ransducer  for 
IL-6 (Fig. 3) (6,8,71). LIF-R is shared  a m o n g  
CNTF, LIF, OSM, and  CT-1 and  forms high-  
affinity b ind ing  sites for LIF and  OSM in com- 
b ina t ion  wi th  gp130 (72). Accordingly,  these 
cytokines show over lapp ing  biological activi- 
ties. They are considered to be act ivated by the 
l igand-dependent  formation of either homo-  and 
heterodimeric receptor molecules (73) or higher- 
order complexes (74). CNTF and  IL-6 induce  
d isul f ide- l inked he t e rod imer s  of gp130 wi th  
LIF-R (28) and disulf ide- l inked h o m o d i m e r s  of 
gp130 (75), respectively. 
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CNTF LIF OSM CT-1 IL-6 IL-11 

0 O0 0 0 0 
~L ,L t "~ l l ,L 

~ CNTF- 

LIF-R LIF-R OSM-R LIF-R IL-11R 

Fig. 3. Gp130 signal-transducing system. All the constituent proteins share gpt 30, whereas CNTF, LIF, OSM, 
and CT-1 among them share LIF-R to transduce signals. 

A 

B 

high -affinity ~ ~ - -  ~ F  with p-receptors 

CNTF CNTF-R~ gpl30 gpl -R 

~ ~ L I F - R  tetrameric complex 

1 ffinity ~:= .... 

CNTF CNTF-Ra 

0 
CNTF 

0 
CNTF 

0 
CNTF 

w i t h ~ 0  or "~ 

CNTF-R~ -R 
l ffinity = ~  ~ .... without LIF-R 

CNTF-R~ gpl30 

side-effects L -R in non-neuronal cells ? 

Fig. 4. Receptor binding scheme of CNTF. (A) Sequential binding under physiological conditions. CNTF 
binding to CNTF-Rc~ induces the next association of gp130 and LIF-R. An inactive intermediate, consisting of 
CNTF, CNTF-Ra, and gp130, has been proposed (28). (B) Receptor binding under artificial conditions. CNTF 
shows high-affinity receptor binding without gp130 (27) and transduces signals without CNTF-Rc~ (27). 

Receptor association triggering CNTF results 
in the tyrosine phosphorylation of receptor 
subunits and the activation of intracellular sig- 
naling components. The key event for signal 
initiation is considered to be the dimerization 
of the signal-transducing proteins, gp130 and 
LIF-R. A sequential binding model (Fig. 4A) 

has been proposed for the binding scheme of 
CNTF (28). In this model, CNTF first binds to 
CNTF-Rc~, engages gp130 to form an inactive 
complex, and then finally recruits LIF-R, result- 
ing in the heterodimerization of the signal 
transducers and the initiation of signaling. 
That is, the binding with CNTF-Ro~ introduces 
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the oligomerization of gp130 and LIF-R. An 
intermediate complex consisting of CNTF, 
CNTF-RR, and gp130, but not LIF-R, was pre- 
dicted because CNTF triggered the association 
of CNTF-R~ and gp130 even in the absence of 
LIF-R and did not associate with LIF-R without 
gp130 (28). A similar sequence of events would 
be considered to lead to the homodimerization 
of gp130 and signaling for IL-6 (76). 

Under many experimental conditions, CNTF 
and its related cytokines bind their receptors 
in a biphasic manner, both high and low affin- 
ity (27,77,78). The initial receptor (c~-receptor) 
that shows low-affinity binding is CNTF-Rc~ 
for CNTF, IL-6Ro~ for IL-6, and LIF-R for LIF 
(28,72). Gp130 is considered to be the affinity 
converter to high affinity for IL-6, LIF, and 
OSM (72), and gp130 and/or  LIF-R would be 
the one for CNTF. CNTF bound with high 
affinity in the presence of CNTF-Rc~ and LIF-R 
without  gp130, and not in the presence of 
CNTF-Rc~ and gp130 without LIF-R (Fig. 4B) 
(27). This is somewhat contrary to the finding 
that the CNTF-induced association of CNTF-Ro~ 
and LIF-R was undetectable in the absence of 
gp130 (28). The question remains whether gp130 
or LIF-R is the main contributor to the high- 
affinity binding of CNTF. Moreover, CNTF can 
transduce signals with complexes of LIF-R and 
gp 130 without CNTF-Ro~ (27). A receptor-bind - 
ing scheme of CNTF other than the sequential 
binding model, such as the initial binding to 
LIF-R, would need to be considered under 
some artificial conditions. However, under 
physiological conditions, most of the signal 
would be transduced via the sequential bind- 
ing scheme, and the other schemes might be 
artificial because CNTF acts in nervous and 
muscu la r  sys tems  in which  CNTF-Ro~ is 
expressed. However, the receptor binding of 
CNTF without CNTF-R0~ should be considered 
because this could cause side effects by sys- 
temic administration in clinical trials of CNTF. 

Stoichiometry 
Several cytokines are associated as dimers 

either with covalent or noncovalent interac- 
tions with quite different arrangements (21). If 

ligands act as monomers, they should present 
distinct surfaces to each receptor, or if as 
dimers, they should present identical and sym- 
metry-related binding surfaces (21). Judging 
from the monomeric nature at physiological 
concentrations below 40 ~tM and the asymmet- 
ric binding surface of CNTF predicted from the 
structure-function analysis (Table 1), CNTF 
would act as a monomer under physiological 
conditions, even though it dimerizes at concen- 
trations above 40 ~tM and its crystal structure 
reveals a dimer (9). CNTF binds CNTF-Ro~ with 
a 1:1 stoichiometry (79). These results indicate 
that CNTF transduces signals through a tet- 
rameric complex consisting of CNTF, CNTF-Rc~, 
gp130, and LIF-R (Fig. 4). However, Ward et al. 
have found by studying the formation of IL-6 
complexes wi th  the soluble extracel lular  
domains of IL-6Ro~ and gp130 that IL-6 binds 
IL-6Rc~ in a stoichiometric ratio of 1:1, and that 
the high-affinity ternary complex is a hexamer 
consisting of two molecules each of IL-6, IL-6Rc~, 
and gp130 (80). This model of the complex 
(53,80) might be applicable to CNTF. However, 
the stoichiometry of the active receptor com- 
plex of CNTF has not been absolutely defined 
yet and remains to be investigated. 

Signal Transduction 

Multiple-Signaling Activation 
The dimerization of gp130 and LIF-R by 

CNTF results in the act ivat ion of various 
signal-transduction pathways that can also be 
triggered by other cytokines (Fig. 5) (6,84,85). 
The CNTF signaling can be mediated by at 
least two distinct pathways. One is the Janus 
kinase (JAK) and signal transducer and activa- 
tor of t ranscr ipt ion (STAT) pathway,  and 
another is the Ras and mitogen-activated pro- 
tein kinase (MAPK) pathway (86-88). Phos- 
pholipase C1(PLC~,) and phosphatidylinositol 
3-kinase (PI3K)-p110 can also be activated by 
CNTF with a direct and an indirect binding to 
gp130 (and LIF-R), respectively (88). Moreover, 
it was reported that hematopoietic cell tyrosine 
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Fig. 5. Signal transduction of CNTF and related cytokines. Conserved Box 1,2, and 3a motifs are 651_IWPNVPDP, 
693-VVEIEANDKKP, and 761-TVVHSGYRHQ in gp130 and 869-FYPDIPNP, 91~ and 995-PVGGAGYKPQ 
in LIF-R, respectively (81). YXXQ (X means any residue) motif sequences, which are recognizable by STAT3 
(82), are 76LyRpQ 814_YFKQ ' 905_yLpQ, and 915-yMPQ in gp130 and 981_yQpQ, lo01_yKpQ ' and l~ in 
LIF-R. Both LIF-R and gpl 30 associate with the SH2 domain of PLCy, a potential consensus binding site for the 
PLCy SH2 domain, which is found in the C-terminal region (974yIDV) of LIF-R (83). 

kinase (Hck) (89), Bruton's tyrosine kinase 
(Btk), and tyrosine kinase expressed in hepato- 
cellular carcinoma (Tec) (90) are activated via 
gp130 signaling following a direct association 
with gp130 in embryonic stem (ES), B-lineage, 
and hematopoietic lineage (and hepatic) cells, 
respectively. The signaling is likely to be very 
complex. 

JAK/STAT Pathway 
Members of cytokine receptor family con- 

tain conserved box I and box 2 motifs within a 
membrane-proximal  cytoplasmic domain 
(91,92). In CNTF signaling, they are essential 
for the activation and association of the JAK 
family, JAK1, JAK2, and Tyk2, in distinct com- 
binations in various cells (86,87). These in turn 
may tyrosine phosphorylate the transcription 
factors STAT3 (86,93), STAT1 (94), and STAT5B 
(95), after which phosphorylated STAT pro- 
teins dimerize, translocate to the nucleus, and 

bind to specific DNA sequences (96), IL-6 
response element (IL-6RE), hematopoiet in  
receptor response element (HRRE), and sis- 
inducible element (SIE). Moreover, gp130, LIF-R, 
and G-CSF receptor have another conserved 
box 3 motif on the distal side from boxes I and 
2 (81,97), in which Stahl et al. identified the spe- 
cific tyrosine-based STAT3 binding motif, 
YXXQ (X means any residue), in gp130 and 
LIF-R (82). The motif is different from those in 
STAT3 (YLKT) and STAT1 (YIKT), being impli- 
cated in media t ing  the homo- or hetero- 
dimerization of STATs (96). Therefore, they 
discussed that STAT3 might recognize the 
YXXQ motif with a lower affinity than that to 
the dimerization motifs, thus favoring rapid 
release from the receptor and subsequent STAT 
dimerization (82). In addition, phosphotyro- 
sine phosphatase (PTP1D) (also called Syp or 
SH-PTP2), which may couple platelet-derived 
growth factor (PDGF) receptor activation to the 
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Ras signaling pathway (98,99), binds 759ySTV 
on gp130, but not on LIF-R (82). 

Two separate transcription signals have 
been identified in the JAK/STAT pathway. One 
is directed to the IL-6RE and is box 3 depen- 
dent, whereas the other is directed to the HRRE 
and is independent of the box 3 motif (100,101). 
The former is transduced via STAT3 and STAT1 
(95,101), and the latter via STAT5B (95). That is, 
gp130 uses a separate mechanism to activate 
STAT, STAT1, and STAT5B with distinct require- 
ments for cytoplasmic receptor domains to 
regulate the expression of different genes. 
However, both pathways are dependent on the 
action of JAKs, indicating there should be other 
STAT binding sites, especially for STAT5B. 
Therefore, it has been suggested that STATs 
directly interact with kinase or connector mol- 
ecules (95). The gp130-interactive cytokines, 
including CNTF, induce two distinct forms of 
STAT3 differing from the Ser phosphorylation 
involving H7-sensitive kinase compared with 
STAT1 (102-104). Serine phosphorylation is 
const i tut ive,  is increased by s ignal ing 
through gp130, and appears to enhance or to 
be required for the formation of stable STAT3- 
STAT3-DNA complexes (105). Additively, G-CSF, 
which utilizes a receptor highly related to 
gp130, also induces these two forms of STAT3 
(102). An H7-sensitive kinase that phosphory- 
lates Ser residue of STAT3 has not yet been 
identified. If it is MAPK or other MAPK- 
related kinases, the phenomenon might be 
crosstalk between the JAK/STAT and Ras/ 
MAPK pathways. 

Ras/MAPK Pathway 

Gp130 engages the MAPK cascade via Shc, 
Grb2, Rafl,  and MAPKK (MEK1) (88,106). 
Although protein kinase C (PKC) can activate 
Ras and MAPK in lymphocytes, gp130 does 
not induce PKC activity (107,108). In addition 
to the above cascade, MAPK phosphorylates 
Ser1044 of LIF-R (109). However, the substitu- 
tion of Ser1044 to Ala failed to alter the magni- 
tude of cytokine-mediated gene regulation 
(109). The role of the Ser phosphorylation of 

LIF-R has not been identified, but signals may 
be prolonged or modified by this process. 

Multiple Regulation of Transcription 

Dual regulation of both JAK / STAT and Ras / 
MAPK pathways by gp130-related cytokines 
has been characterized in some promoter  
genes, for example, a vasoactive intestinal 
polypeptide (VIP) promoter, in which CNTF 
stimulation is transferred through a STAT 
binding site and a CCAAT/enhancer binding 
protein (C/EBP)-related site (110,111). More- 
over, JunB is regulated by IL-6 in a biphasic 
fashion, namely, early and delayed expression 
(112). The early expression is H7-sensitive, 
whereas the delayed required protein synthe- 
sis is dependent on tyrosine kinase (112). Such 
complex regulation would be required in order 
to prolong activity or to show specificity. 

Perspective 
The clinical trials of CNTF for ALS-patients 

disclosed side effects, consisting of dry cough, 
fever, and weight loss, resembling a general- 
ized inflammatory reaction (5,113,114). Similar 
side effects, as well as acute phase protein 
expression (115), pyrogenic fever (116), and 
cachexia (117), have also been seen in experi- 
mental animals. If these problems can be over- 
come, CNTF should be a useful therapeutic 
agent. Therefore, modified CNTF molecules 
(next generation) with beneficial properties, 
such as increased biological activity and poten- 
tially reduced side effects, have been con- 
structed (39,43,44). Since much of the side 
effects of CNTF can be explained by its struc- 
tural and functional similarity to the members 
of gp130-interactive cytokines, there is a ratio- 
nale in increasing the binding ability to specific 
CNTF-Ro~ through such mutations as Q63R (39) 
and Q167A (43) to design agents with reduced 
side effects. Furthermore, combinations with 
the listed mutations (Table 3) would produce a 
more potent agent than a single modification, 
since the activity increase itself would permit 
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Table 3 
Modified Mutant Proteins Having Some Beneficial Properties 

Protein Mutation substitution and/or deletion Reference 

With agonistic feature 
CNTF Q63R a 

IL-6 

OSM 

G-CSF 

GH 
EPO 

With antagonistic 
CNTF 
IL-6 

Q167A a 
E153R, E153Y 
D2-14, D173-200 
D1-14, D182-200 
F171L 
Q160A/D161A, T164A/H165A 
$177R, S177R/Q175I/Q183A 
V121Y/F125V 
A87-90 
&A191-196 
TIA/L3T/G4P/PSR/C17S 
C17A b 
C181S/A184-191 
R143A, $146A, N147A 
feature 
K155A 
Q160E/T163P 
W158R/T163P 
Y31D/G35F 
Y31D/G35F/S118R/V121D, 
Y31D / G35F /S118R/V121D /S177R/ Q175I/ Q183A 

39 
43 
44 
40 
42 
54 
5O 
55 
35 
33 
46 
60 
118 
119 
38 

44 
51 
5O 
35 

32,35 
32 

a(Owing to) increased selectivity to CNTF-Rc~ receptor. 
b(Owing to) protein stabilization. 

the dose of CNTF administrated to be reduced, 
which would solve the problem of insolubility 
at neutral pH. Of course, because excessive 
modification would produce a neutralizing 
antibody, modification should be minimized. 
Since CNTF triggers gliosis (120), CNTF antag- 
onists, such as K155A mutant (44), might be 
useful as an inhibitor of gliosis. More potent 
antagonists that bind CNTF-R~ with high affin- 
ity but do not show any survival activity (as 
designed for IL-6 antagonists [32,52]) could be 
constructed by combining substitutions, such 
as K155A, Q63R, Q167A, and others. The 
designs for constructing mutant proteins, such 
as those for CNTF and IL-6, could also be 
applied to the other gp130-interactive cyto- 
kines, LIF, OSM, CT-1, and IL-11. 

Mice lacking LIF-R die shortly after birth 
(121,122), unlike those lacking CNTF (123) or 

LIF (124,125), which are viable. A CNTF-Roc 
deletion causes developmental defects more 
serious than those produced by a deletion of 
CNTF (126). Additively, a CNTF null mutation 
in humans appears to cause no neurological 
defects (127). Accordingly, it was suggested 
that another unidentified cytokine(s) might be 
a novel ligand for LIF-R and /o r  CNTF-R0t 
(122). To clone such novel ligands, if they exist, 
probes corresponding to the identified recep- 
tor binding regions (Table 1) might be used, 
especially the D1 motif, which is homologous 
to LIF-R interactive proteins (44,70). 

STAT3 is directly phosphorylated by the 
JAKs and translocated in the nucleus within 
minutes following CNTF stimulation, where it 
is rapidly dephosphorylated (86,102). MAPK is 
also activated and then inactivated within 
approximately half an hour (128). However, 
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metabolic and functional activities, such as dif- 
ferentiat ion,  prol iferat ion,  and cell-survival 
promoting,  were  revealed after several hours 
a n d / o r  days .  T h e r e f o r e ,  the  m e c h a n i s m  
be tween  the early activation and the following 
responses should be resolved. There should be 
a lot of crosstalk between signaling pathways,  
such as Ser phosphorylat ion of STAT3 by the 
H7-sensitive kinase (102,105). The different sig- 
naling pa thways  respectively involved in the 
immedia te  and delayed transcription of JunB 
mRNA (112) might  explain this. In addition, 
cytokines, including CNTF, induce multifunc- 
tional responses. If there is a difference in sig- 
nal ing be tween  each response,  antagonist ic  
m u t a n t  p r o t e i n s  of CNTF (44) and  IL-6 
(32,35,50-52) might give a useful clue for iden- 
tifying unique  pa thways  corresponding to a 
specific function. The difference might  be at a 
magni tude  a n d / o r  in a time-course for the sig- 
nals. Regardless, future efforts to unravel the 
activating mechanism of cytokines in addit ion 
to these findings will provide valuable infor- 
mat ion  di rected toward  the fur ther  clinical 
app l ica t ion  of cy tok ines  themse lves ,  their  
mod i f i ed  pro te ins ,  or l ow-molecu la r -mass  
mimics a n d / o r  specific signaling modifiers. 
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