
medium; Day 3, the cells were split into 10-cm 
dishes at 1:3, 1:10, and 1:30 dilutions and cul
tured in 5% serum-DMEM containing geneticin. 
The medium was replaced every 3 to 4 days, and 
pools of G-418-resistant colonies (either 8 or 
>100 colonies for each infection) were prepared. 

15. Exponentially growing monolayers of NRKneo, 
NRKcvA, NRKcvE, and NRKcdk2 cells were tryp-
sinized and seeded on uncoated or agar-coated 
150-mm dishes (2 x 106 cells in DMEM containing 
growth factors). Duplicate cultures of each transfec-
tant were incubated for 48 hours and collected. One 
set of cells was extracted for RNA blot hybridizations 
with equal amounts of ribosomal RNA (rRNA). The 
other set was extracted in 0.1 ml of nonreducing 
SDS sample buffer. Protein concentrations were 
estimated by SDS-gel electrophoresis and silver 
staining; normalized portions of each sample were 
subjected to the immunoblot analysis. 

16. Adherent, subconfluent cultures of NRKneo, 
NRKcvA, NRKcvE, and NRKcdk2 cells were pre
pared as in (17). After an overnight incubation, 
[3H]thymidine (1 |xCi/ml) was incubated with each 
culture for 24 hours. Cells were fixed with 5% 
trichloroacetic acid (TCA), and TCA-insoluble ra
dioactivity was isolated. [3H]thymidine incorpo
ration varied by no more than 20% between the 
four cell lines. Standard mitogen assays showed 
that the interval from G0 through S phase was also 
similar in NRKneo and NRKcvA cells. 

17. Exponentially growing monolayers of NRKneo, 
NRKcvA, NRKcvE, and NRKcdk2 cells (4 x 104 cells 
per 35-mm dish) were incubated in suspension 
with growth factors and [3H]thymidine (2). Incor
poration of radiolabel into DNA was determined 
during the last 24 hours of a 2-day incubation. 

18. NRKneo and NRKcyA cells synchronized in G0 

were suspended (2 x 104 in 2 ml of DMEM 
containing growth factors) and added to 35-mm 
dishes coated with either 100 jxg of type I colla
gen (adherent cultures) or agar (nonadherent 
cultures). S phase progression was monitored by 
incubation of the growth factor-supplemented 
cultures with [3H]thymidine (1 |xCi/ml) for the 
2-hour periods shown in Fig. 3A. DNA synthesis 
over a 3-day period was determined similarly 
except that the incubation with [3H]thymidine was 
for three consecutive 24-hour periods. 

19. Cyclin A-associated kinase activity in extracts of 
adherent and nonadherent NRK cells (2.5 x 106) 
was determined similarly to the procedure de
scribed in (2, 12) except that (i) the extraction buffer 
consisted of 10 mM sodium phosphate buffer (pH 
7.0), 0.25 MNaCI,0.1%SDS, 1%NP-40,1%sodium 
deoxycholate, 2 mM EDTA, 0.1 mM sodium ortho-
vanadate, 50 mM sodium fluoride, aprotinin (10 
ixg/ml), leupeptin (10 |xg/ml), and 1 mM phenyl-
methylsulfonyl fluoride; (ii) a 100-fold dilution of 
antiserum to cyclin A was used; and (iii) the immu-
noprecipitates were suspended in 30 \i\ of kinase 
buffer [J. Pines and T. Hunter, Ce//58, 833 (1989)] 
containing 50 jxM adenosine triphosphate (ATP), 5 
ixCi of [7-

32P]ATP (3000 Ci/mmol), and 4 ^g of 
histone H1. 
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except that 35-mm dishes were coated with 1 ml of 
0.5% agar and top layers contained 2 ml of 0.3% 
agar with 104 cells. The cultures were incubated for 
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NRK°yA pool formed colonies in soft agar as did at 
least 80% of the cells from the isolated NRKcvA 
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l^iliary neurotrophic factor enhances the 
survival and differentiation of distinct popu
lations of neurons and glia (J, 2), It binds to 
the a component of its receptor and then 
sequentially associates with two structurally 
related P signal-transducing receptor compo
nents, gpl30 and the leukemia inhibitory 
factor receptor (3 (LIFRp), whose het-
erodimerization apparently transduces a sig
nal across the membrane (3, 4)- Activation 
of the receptors for CNTF and its related 
cytokines (5) results in phosphorylation of 
intracellular proteins on tyrosine and induc
tion of transcription of immediate early 
genes (6, 7). However, the mechanisms by 
which signaling proceeds from the mem
brane to the nucleus remain almost com
pletely unknown. 
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A CNTF signaling pathway might share 
components of the signaling pathways for 
interferon alpha (IFN-a) and gamma (IFN-
7) (8-10), The CNTF receptor is related in 
structure to the IFN receptors (J J). Protein 
tyrosine phosphorylation is required for sig
naling by CNTF and IFNs (6, 9, JO). An 
important DNA promoter site in genes acti
vated by interleukin-6 (IL-6) (12) bears 
similarity to the IFN-7-activated site (GAS) 
(13), which mediates transcriptional induc
tion of IFN-7-responsive genes- These ob
servations and the finding that the CNTF 
and IL-6 receptors share the signal-transduc
ing subunit gpl30 (5, 6) suggest that the 
pathways that propagate the CNTF, IL-6, 
and IFN signals to the nucleus might also be 
similar. 

A 91-kD protein (p91) becomes tyrosine-
phosphorylated in cells exposed to IFN-a or 
IFN-7 (9, JO). Phosphorylated p91 then 
translocates to the nucleus where it partici
pates in the transcriptional activation of 
interferon-responsive genes. It is believed 
that IFN-7 induces the binding of a p91 
dimer to the GAS (JO), and IFN-a causes 
the association of p91 with two newly ty-
rosine-phosphorylated 84- and 113-kD pro-
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Characterization of a Pathway for Ciliary 
Neurotrophic Factor Signaling to the Nucleus 

Azad Bonni, David A. Frank, Chris Schindler, 
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Components of a signaling pathway that couples the ciliary neurotrophic factor (CNTF) 
receptor to induction of transcription were identified. CNTF stimulated the tyrosine phos
phorylation of p91, a protein implicated in interferon signaling pathways, and of two proteins 
that are distinct but related to p91. Tyrosine-phosphorylated p91 translocated to the 
nucleus, where p91 and p91 -related proteins bound to a DNA sequence found in promoters 
jof genes responsive to CNTF. This DNA sequence, when inserted upstream of a reporter 
gene, conferred a transcriptional response to CNTF. A pathway that transduces interferon 
signals may therefore have a more general function in the propagation of responses to 
certain neurotrophic factors. 



teins ($4 and p113) (9) and with a 48-kD 
protein to form the complex IFN-stimulated 
gene factor 3 (ISGF3), which binds a dis- 
tinct promoter site upstream of IFN-a-re- 
sponsive genes (14, 15). 

We investigated if a protein related to 
p91 is expressed in the cell line SK-N-MC, 
which is a human neuroblastoma cell line 
that expresses CNTF receptors (3). CNTF 
induces transcription of the c-fos gene (3) in 
SK-N-MC cells, indicating that the intracel- 
lular mechanisms that transduce the CNTF 
signal from the receptor to the nucleus are 
intact. Antibodies to the COOH-terminus 
of p91 (anti-p91C), which recognize HeLa 
cell p91 but not p84 (1 O), immunoprecipi- 
tated a 91-kD protein from extracts of SK- 
N-MC cells labeled with [35S]methionine 
(16). This protein comigrated with p91 im- 
munoprecipitated from HeLa cells with anti- 
p9 1C (Fig. 1A). Gel slices containing 9 1 -kD 
protein from SK-N-MC cells and HeLa cells 
were subjected to partial digestion with V8 
protease (1 7). Analysis of the resulting pep- 
tides revealed an identical pattern for the 
two proteins, indicating that the 91-kD 
proteins in HeLa and SK-N-MC cells are 
closely related or identical (Fig. 1B). 

To determine whether p91 from SK-N- 
MC cells becomes mdified upon exposure 
to CNTF, we performed protein immuno- 
blotting (18) with antibodies to p91 that 
recognize p91 and p84 (anti-p91,84) (1 0). 

Fig. 1. Expression of p91 in SK-N-MC cells. (A) 
HeLa and SK-N-MC cells were incubated with 
p5S]methionine (0.167 mCi/ml) in rnethionine- 
free DMEM (Dulbecco modified Eagle's medi- 
um) with dialyzed fetal bovine serum (FBS, 
10%). Lysates from HeLa or SK-N-MC cells 
were immunoprecipitated with anti-p91C anti- 
bodies (16). Washed immunoprecipitates were 
separated by polyacrylamide gel electrophore- 
sis (PAGE). (B) The p91 bands from (A) were 
excised and subjected to V8 protease diges- 
tion (100 ng of protease for 30 rnin at room 
temperature) followed by PAGE (12%). p91 
was untreated (-) or incubated (+) with V8. 
Open arrow points to undigested p91. Solid 
arrows point to digested p91 peptides. 

In extracts from untreated SK-N-MC cells, 
anti-p91,84 recognized p91 and p84. How- 
ever, in extracts obtained from cells treated 
with CNTF (100 nglml), another band that 
migrated more slowly than p91 was detected 
(Fig. 2A). This band comigrated with the 
newly phosphorylated p91 detected in ex- 
tracts of HeLa cells treated with IFN-a (Fig. 
2A), suggesting that CNTF induces a similar 
modification of p91. The kinetics of the 
CNTF-induced modification of p91 were 
rapid and transient. Modification of p91 was 
detected within 1 rnin (1 9), was maximal 
within 15 min, and disappeared by 60 rnin 
(Fig. 2A). The induction of the p91 modi- 
fication occurred with as little as 1 ng of 
CNTF per milliliter of medium (1 9), which 
is within the physiological range of CNTF 
response (20). In SK-N-MC cells treated 
with IFN-y for 18 hours, the amount of p91 
was increased, and the CNTF-stimulated 
modification of p91 was more easily detected 
(Fig. 2B). 

To investigate the nature of the CNTF- 
induced modification of p91 in SK-N-MC 
cells, we did phosphotyrosine immunoblot- 
ting of immunoprecipitated p91 (1 6, 18). In 
anti-p91C immunoprecipitates of extracts 
from untreated SK-N-MC cells, antibodies 

to phosphotyrosine did not recognize any 
proteins within the 91-kD range. However, 
in anti-p91C immunoprecipitates of CNTF- 
treated cells, a phosphotyrosine-containing 
protein was detected that migrated with the 
same mobility as modified p91 (Fig. 2C). 
The amounts of p91 in untreated and 
CNTF-stimulated cells were similar as as- 
sessed by anti-p9 1,84 immunoblots (Fig. 
2A) and anti-p91C immunoprecipitates of 
cells labeled with [35S]methionine (1 9). 
Taken together, these data suggest that the 
CNTF-induced modification of p91 results 
from phosphorylation of this protein on 
tyrosine residues. 

To confirm that p91 becomes phosphc- 
rylated on tyrosine when SK-N-MC cells are 
exposed to CNTF, we labeled these cells 
with [32P]orthophosphate and immunopre- 
cipitated them with anti-p91C (16). Al- 
though phosphorylated p91 was immunopre- 
cipitated from untreated cells, CNTF caused 
a fourfold increase in the incorporation of 
3ZP into the immunoprecipitated protein, 
which was accompanied by the appearance 
of a band of slower electrophoretic mobility 
(Fig. 3A). The immunoprecipitated p91 
bands were excised and subjected to phos- 
phoamino acid analysis (2 1). The p91 from 

Flg. 2. CNTF-induced ty- A - 
E 

roslne phosphorylation SK-N-MC (CNTF) - S 

of p91 in SK-N-MC cells. m 
-1 

(A) SK-N-MC cells were period (rnin) 0 5 10 15 20 25 30 60 2 
treated for the indicated 
periods. Cell lysates 
were se~arated bv .091-P 
PAGE and immunobloi- 
ted with anti-p91,84 anti- 
bodies ( 18). Antibody 
binding .was detected 
with a secondary anti- 
body conjugated to alka- 1 2 3 4 5 6 7 8 9  

line phosphatase. Modi- 
fied p91 indicated by 
091-P. Lane 1. untreated C 
SK-N-MC cells. Lanes SK-N-MC 
2-8, SK-N-MC cells - 
treated with CNTF (100 Y Y CNTF 

SK-N-MC 

kD - + CNTF - - .  nglrnl). Lane 9, HeLa 
cells exposed to IFN-y (2 
ng/rnl. 18 hours) and 
then IFN-a (1000 Ulml. 
20 rnin). (B) CNTF-in- 
duced rnodlfication of 
p91 in SK-N-MC cells - 2' 
pretreated with IFN-y. 88- T ~ ~ ~ - ~  

~ 8 8 - P  
Lane 1, untreated SK-N- ' ' 
MC cells. Lane 2, cells treated with IFN-y (2 ngfml, 18 hours). 65- 

Lane 3, cells were treated with IFN-7 (2 nglml, 18 hours) and 
then exposed to CNTF (100 ngfml, 10 min). (C) CNTF- 
induced tyrosine phosphorylation of p91. SK-N-MC cells 
were untreated (lane 1) or treated with CNTF (100 nglml, 10 
min) (lane 2). Lysates were immunoprecipitated with anti- 1 

p91C, separated by PAGE, and immunoblotted with antibodies to phospt (PY20) 
[International Chemical and Nuclear (ICN). Irvine, California] and 4G10 [United B I ~ L ~ L I I I I U I U ~ Y ,  Inc. 
(UBI), Lake Placid. New York], each diluted 1 :2000. Antibody binding was detected by enhanced 
cherniluminescence [ECL (Arnersharn)] with a secondary antibody conjugated to horseradish 
peroxidase. 
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untreated cells contained only phospho- 
serine. whereas ~ 9 1  from stimulated cells 
contained phosphotyrosine in addition to 
phosphoserine (Fig. 3B). Taken together, 
these experiments indicate that CNTF in- 
duces the rapid tyrosine phosphorylation of 
~ 9 1  in SK-N-MC cells. 

In contrast to IFN-a, which stimulates the 
tyrosine phosphorylation of p84 and p113 in 
addition to p91 (9) (Fig. 3C) and promotes 
the formation of the protein complex 
ISGF3a. CNTF failed to stimulate the ~hos -  
phorylation of p l l3  or to induce formation of 
the ISGF3a complex (Fig. 3C). Instead, the 
induction of p91 tyrosine phosphorylation 
that occurred upon exposure of cells to CNTF 

was accompanied by the tyrosine phospho- 
rylation of two proteins related to p91, p88 
and p89 (Figs. 2C and 3D). These proteins 
are likely to be members of a family of related 
transcription factors, inasmuch as two anti- 
bodies that recognized distinct regions of p91 
also recognize p88 and p89 in immunoprecip- 
itation and phosphotyrosine immunoblotting 
experiments. Tyrosine phosphorylation of p88 
and p89 was not detected in HeLa cells 
treated with 1FN-a (19) and has not been 
detected in fibroblast FS2 cells treated with 
IFN-y. The intracellular mechanisms by 
which the CNTF signal is propagated may 
therefore be partly distinct from the IFN-y 
and IFN-a signaling pathways. 

Fig. 3. CNTF-induced tyrosine phosphorylation of A sHMc B 
p91 and the related proteins p88 and p89. (A) kD - + CHTF - 

+ CNTF 
SK-N-MC cells were labeled with [32P]olthophos- - -- - -  
phate (ICN, 1.25 mCi1ml). Cells were untreated I rn X 
(lane 1) or treated with CNTF (100 nglml, 10 min) '25- 

5 
(lane 2). Lysates were immunoprecipitated with aa - - ''p91-P 

anti-p91 C and separated by PAGE, transferred to 65- - e 
polyvinylidene difluoride membrane, and ana- .' P a o 
lyzed by autoradicgraphy. (B) Phosphoamino - 
acid analysis (21) of immunoprecipitated p91. ~lecfrophore- .S 

The p91 bands from (A) were excised from poly- 
vinylidene difluoride membrane and hydrolyzed c 1 2  

in 5.7 N HCI. Hydrolysates were analyzed on a H ~ L ~  SK-N-MC SK-wc 
kD ?a -CNTF thin-layer cellulose plate by two-dimensional elec- lm- w.- 

kD CNTF 

trophoresis. Position of phosphoarnino acids was v- 
determined by ninhydrin staining. Large arrow, ,,,-, 125-1 
phosphoserine; small arrow, phosphothreonine; M -p113-P ,@1-p 

m - p89-P 
curved arrow, phosphotyrosine. (C) Lack of effect an- 1. -:. 

1 ' '  ~ B B - P  
of CNTF on p113. Lysates were immunoprecipi- 65- 

tated with anti-pll3, separated by PAGE, and b 
1 2 3 4  1 2 3 4  

immunoblotted with antibodies to phosphoty- 
rosine. Antibody binding was detected with ECL. Lane 1, untreated HeLa cells. Lane 2, HeLa cells 
incubated with IFN-.I (2 nglml. 18 hours) and then lFNa (1000 Ulml, 20 rnin). Lane 3, untreated SK-N-MC 
cells. Lane 4, SK-N-MC cells treated with CNTF (100 nglml, 10 rnin). CNTF failed to induce tyrosine 
phosphorylation of p113 in SK-N-MC cells that had been treated with IFN-.I for 18 hours (19). (D) 
CNTF-induced tyrosine phosphorylation of p91 and the related proteins p88 and p89. Lysates of 
untreated (-) and CNTF-treated (+) SK-N-MC cells were immunoprecipitated with anti-p91C antibodies 
(lanes 1 and 2) or with anti-p91N antibodies (lanes 3 and 4), and immunoblotted with antibodies to 
phosphotyrosine. Antibody binding was detected by ECL. CNTF induced tyrosine phosphorylation of 
p88 and p89 with as little as 1 ng/ml (19), which is within the physiological range of CNTF response (20). 

Fig. 4. Specificity of tyrosine phosphorylation of A S K - ~ - ~ ~  8 k g  
z li. 

k 5 
p91 and the p91-related proteins in SK-N-MC L E U  - U P  - 0 ~  z u. 
cells. (A) Anti-p91 C (upper panel) and anti-p91 N cue zl i .  U. 

(lower oanell immunooreciwitates of SK-N-MC . , - ' 
K U  

cell lys'ates here analyzed' by anti-phosphoty- 190- 
rosine immunoblottinq. Antibodv bindina was de- 

mm c-fos w l 

tected with alkaline phosph&tase-conjugated 125- 

secondary antibody (upper panel) or horseradish p91 -P 

peroxidase-conjugated secondary antibody Be- -/p89-p 1 2 3 4 5 6 

(lower panel). Cells were untreated or were stim- p88-P 

ulated with CNTF (100 nglml, 15 min), LIF-condi- 
tioned medium (LIFcm, 1%, 15 min), or bFGF 1 2 3 4  

(Collaborative Research) (25 nglml, 15 min). (B) 18s 
Induction of c-fos expression in SK-N-MC cells in ,,,- I 
response to CNTF, LIFcm, and bFGF. RNA was 

p91-P 
isolated from cells following lysis with guanidinium d p e e ~  
thiocyanate (33) and was analyzed by Northern B8- p88-P 

2es iil 
blotting (37). Cells were untreated or were stimu- 65 - - 
lated with CNTF (50 ng/ml) for 45 rnin (lane 2) or 
30 rnin (lane 5), bFGF (25 ng/ml, 30 rnin), or LlFcm (I%, 30 min). Upper panel shows autoradiograph of 
blot probed with c-fos. Lower panel shows corresponding ribosomal RNA bands from Northern gel. 

Tyrosine phosphorylation of p91 and the 
related proteins was also stimulated in SK-N- 
MC cells by activation of the LIF receptor 
(Fig. 4A). However, exposure of SK-N-MC 
cells to basic fibroblast growth factor (bFGF) 
was ineffective at inducing tyrosine phospho- 
rylation of p91 or the related proteins (Fig. 
4A). SK-N-MC cells express functional FGF 
receptors because bFGF stimulated c-fos tran- 
scription in these cells. CNTF, LIF-condi- 
tioned medium, and bFGF all activated tran- 
scription of c-fos within minutes of treatment 
(Fig. 4B). Nerve growth factor was also inef- 
fective in stimulating tyrosine phosphoryla- 
tion of p91 or the related proteins in the 
pheochromocytoma cell line PC12 (1 9). 
Therefore, CNTF and LIF may be distinct 
among the neurotrophic factors in their abil- 
ity to stimulate the tyrosine phosphorylation 
of p91 and the p91-related proteins. 

To determine whether CNTF-induced 
phosphorylation of p91 is correlated with 
functional activation of this protein, we 
investigated the effect of CNTF on subcel- 
lular localization of p91 and its DNA bind- 
ing activity. Immunofluorescence staining 
(22) with anti-p91C revealed that p91 was 
localized diffusely within the cytoplasm and 
to a lesser extent in the nucleus of untreated 
SK-N-MC cells. However, after treatment 
with CNTF, p91 was detected predominant- 
ly in the nucleus in about 85% of the cells 
(Fig. 5A). In extracts obtained from SK-N- 
MC cells treated with IFN-y for 18 hours 
and then treated briefly with CNTF, the 
ratio of the phosphorylated form of p91 to 
the unmodified form was greater in the 
nuclear extracts than in whole-cell extracts 
(Fig. 5B). In addition, the overall amount of 
p91 in the nuclear extract from CNTF- 
treated cells was greater than that in the 
nuclear extract from untreated cells (Fig. 
5B). When SK-N-MC cells were fractionat- 
ed into cytoplasmic and nuclear compo- 
nents, a low amount of p91 was detected in 
the nuclear fraction before CNTF treat- 
ment. After CNTF treatment, tyrosine- 
phosphorylated p91 was detected in the 
nuclear fraction in an estimated 4 to 1 ratio 
relative to the cytoplasmic fraction. Thus, 
the amount of p91 increased in the nuclear 

Table 1. DNA sequences resembling the 
CNTF-RE core in promoters of CNTF-respon- 
sive genes. 

Gene Sequence (31) 

Human c-fos TTCCCGTCAA 
Mouse clfos TTCCCGTCAA 
Mouse tisl 1 TTCCTAAGAA 
Rat junB* TTCCGGGAA 
Rat SODl* TTCCTTGAA 
CNTF-RE (core) TTCCCCGAA 

*Potential CNTF-responsive genes: junE responds to 
LIF (7); for SOD1, see text. 
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fraction as a result of the appearance of the of p91. Tyrosine-phosphorylated p91 recog- 
tyrosine-phosphorylated p91 in this fraction nizes the DNA sequence 5' TTCCNNNAA 
(1 9). Taken together, these experiments 3', termed GAS (1 0, 13). We used a DNA 
indicate that CNTF treatment induces p91 mobility-shift assay (23) to test nuclear ex- 
translocation to the nucleus. tracts prepared from SK-N-MC cells for the 

We examined the effect of treating cells presence of a factor that interacted with a 
with CNTF on the DNA binding properties GAS-related sequence, which we have 

Y 

Cell Nut Extract -- - + - + CNTF 

C U937 SK-N-MC SK-N-MC U937 
I 

Fig. 5. Consequences of CNTF- 
induced tyrosine phosphorylation 
of p91 and related proteins. (A) 
CNTF-induced translocation of 

1 2 3 4 5 6 7 8 9  10 11 121314 15161718 p91 to the nucleus. SK-N-MC 
cells were treated with IFN-y (2 

nglrnl, 18 hours) followed by no addition (panels 1 and 3) or addition of CNTF (100 ng/ml, 10 min; 
panel 2 and 4). We localized p91 by immunofluorescence (22) with anti-p9lC (panels 1 and 2). 
Phase-contrast images of the fields used for immunofluorescence are shown in panels 3 and 4. 
Arrows point to nucle~. (8) lnducibly phosphorylated p91 is localized in the nucleus in CNTF treated 
SK-N-MC cells. Whole-cell extracts (lanes 1 and 2) or nuclear extracts (23) (lanes 3 and 4) from 
SK-N-MC cells that were treated with IFN-y (2 ngtml. 18 hours) followed by no addition (-) or 
addition (+) of CNTF (100 nglml) were immunoblotted with anti-p91,84. (C) CNTF-induced 
DNA-binding complexes (I. II, and Ill) that contain p91 and related proteins (36). CNTF-RE 
oligonucleot~de was incubated with extracts prepared from U937 cells or SK-N-MC cells that were 
treated with IFN-y (2 nglrnl, 18 hours, lanes 4-9) or that were not treated with IFN-y (lanes 10-14). 
U937 cells were treated with tetradecanoyl phorbol acetate (5 nM. 48 hours) without (-) or with (+) 
subsequent addition of IFN-y (2 nglrnl). SK-N-MC cells were treated (+ or -)  with CNTF (100 ngtml, 
10 min). Reaction mixtures also included excess (50 times the amount of labeled probe) of 
unlabeled GAS (12) (GAS). Ly6E GAS (35) (L.GAS). or CNTF-RE (35). DNA binding reactions were 
also done in the presence of anti-p91 C and anti-p91 N. The asterisk indicates a slowly migrating 
complex that is believed to contain p91. A nonspecific complex is indicated (NS). (D) Induction of 
gene expression by CNTF is mediated by a CNTF-RE (38). A ribonuclease protection assay (25) 
was used to measure expression of the transfected human a globin gene, fosCAT fusion gene, and 
endogenous human c-fos (c-fos") after transfection of SK-N-MC cells with the indicated plasmids. 
RNA was isolated (33) from unstimulated (-) and CNTF-treated (+) cells (100 ngtml. 50 min). 

termed a CNTF response element (CNTF- 
RE). When this sequence was incubated with 
nuclear extracts from SK-N-MC cells treated 
with IFN-y and then briefly exposed to 
CNTF, DNA protein complex I was detect- 
ed. This complex was not detected in the 
absence of CNTF treatment. Complex I for- 
mation was effectively competed by the inclu- 
sion of an excess of unlabeled CNTF-RE or 
GAS sequence in the reaction mix (Fig. 5C). 
Complex I comigrated on a nondenaturing 
polyacrylamide gel with a gamma-activated 
factor (GAF)-DNA complex detected when 
nuclear extracts of U937 cells treated with 
IFN-y were incubated with the CNTF-RE 
(Fig. 5C). Complex I formation was prevent- 
ed by addition to the reaction mix of either of 
two antibodies to p91, anti-p91C or antibod- 
ies to the NH,-terminus of p91 (anti-p91N). 
Taken together, these data indicate that com- 
plex I is composed primarily of p91. 

We also tested nuclear extracts from SK- 
N-MC cells not treated with IFN-y for the 
ability to form DNA complexes with the 
CNTF-RE sequence. In this case, CNTF 
treatment of SK-N-MC cells induced the 
formation of complex I and of complexes I1 
and 111, which migrated more slowly than 
complex I (Fig. 5C). Complexes I1 and I11 
were detected more readily in nuclear extracts 
from nayve SK-N-MC cells exposed to CNTF 
than in extracts of SK-N-MC cells treated 
first with IFN-y and then with CNTF. This 
may result from the differential ability of 
IFN-y treatment to enhance the amount of 
p91 relative to that of the related proteins. 
Like complex I, complex I1 contains p91, 
as its formation was also prevented by anti- 
p91C and anti-p91N (19). Complex 111 
does not appear to contain p91 because anti- 
p91C failed to prevent complex I11 formation. 
However, complex I11 appears to contain one 
or more p91-related proteins because its for- 
mation was effectively inhibited by the addi- 
tion of anti-p91N to the binding reaction 
(19). Because anti-p91N effectively binds 
p88 and p89 (Fig. 3D), a likely possibility is 
that the proteins present in complex 111 are 
p88 and p89. The finding that CNTF induced 
the binding of not only p91 but also p91- 
related proteins to the CNTF-RE revealed a 
distinguishing feature of the CNTF signaling 
pathway. 

The p91 and related proteins might be 
key regulators of changes in gene expression 
that are triggered by CNTF. DNA sequence 
elements similar to the consensus DNA 
sequence required for p91 binding are pres- 
ent upstream of a number of genes that can 
be induced by CNTF (Table 1). Therefore, 
the ability of p91 binding sites to confer 
CNTF responsiveness to a nonresponsive 
reporter gene was examined. Cultures of 
SK-N-MC cells were transfected (24, 25) 
with a reporter gene containing nucleotides 
-7 1 to + 109 of the mouse c-fos gene fused 

1578 SCIENCE VOL. 262 3 DECEMBER 1993 



to the bacterial chloramphenicol acetyl- 
transferase gene (- 7 lfosCAT) . To assess 
transfection efficiency, we cotransfected a 
human a-globin gene, driven by the simian 
virus 40 early promoter. Expression of the 
transfected genes and the endogenous hu- 
man c-fos gene was determined by a ribonu- 
clease protection assay (25). After normal- 
ization to the amount of a-globin message, 
the -7lfosCAT gene was found to be ex- 
pressed at the same low amount both before 
and after CNTF treatment. However, expo- 
sure to CNTF resulted in a twofold induc- 
tion of the construct GAS/-7 lfosCAT, in 
which two copies of a palindromic GAS site 
were inserted immediately upstream of the 
-7lfosCAT gene. Two copies of another 
DNA sequence that binds p91 were partic- 
ularly effective at conferring a CNTF re- 
sponse when inserted upstream of the 
-7lfosCAT gene, resulting in an 8.5-fold 
induction of transcription. Because this p91- 
binding DNA sequence is very effective in 
conferring CNTF responsiveness, we have 
termed it a CNTF-RE. Taken together with 
the protein phosphorylation and DNA bind- 
ing studies described above, these gene ex- 
pression experiments suggest that in untreat- 
ed SK-N-MC cells, the CNTF-RE is not 
occupied, and that CNTF treatment induces 
the tyrosine phosphorylation of p91 and the 
p91-related proteins, with subsequent trans- 
location and binding of these proteins to the 
CNTF-RE. This then leads to activation of 
transcription of genes containing this DNA 
element within their promoters. 

The tyrosine kinases that link the CNTF 
receptor to p91 and the p91-related proteins 
are not known. The protein kinase Tyk-2 
has been implicated in IFN-a stimulation of 
p91 tyrosine phosphorylation (26). CNTF 
stimulates the activity of Tyk-2 and its two 
family members, JAKl and JAK2 (27, 28), 
each of which appears to be physically asso- 
ciated with the CNTF receptor before their 
activation (29). Once activated, one or 
more of these tyrosine kinases may then 
directly or indirectly trigger phosphorylation 
of p91 and the p91-related proteins. Once 
phosphorylated, p91 may mediate the cellu- 
lar responses to a variety of different agents 
(30), and specificity may be conferred to the 
CNTF pathway by the p91-related proteins, 
which may interact with p9l. 

The identification of CNTF-RE sequences 
within the promoters of neuronal genes may 
allow identification of CNTF-responsive 
genes that encode proteins that mediate the 
biological effects of CNTF in the nervous 
system. For example, the promoter of a super- 
oxide dismutase gene, the rat SODl gene 
(31), contains a sequence similar to the 
CNTF-RE. Loss of function mutations of 
SODl occur in familial amyotrophic lateral 
sclerosis (32), a dominantly inherited degen- 
erative motor neuron disease. Thus, one 

mechanism by which CNTF may protect 
motor neurons from degeneration could be 
through enhanced expression of SODl. 
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