
scribed [L. M. Traub and R. Sagi-Eisenberg, J. 
Biol. Chem. 266,24642 (1991)l except that for the 
first dimension. 3.5% polyacrylamide rods con- 
taining 2% ampholytes (Pharrnalyte 3-10 and 
5-6, 1 :4) were used and focusing was for 12,000 
Vshours. 

30. Antibodies used included affinity-purified AS18 
antibody to the a common peptide: CGAGESGK- 
STIVKQM (anti-G,,,); AS16 antibody to the 
Ga, peptide: CNLKEDGISAAKDVK (anti-Go); 
AS1 19 antibody to the Ga,, peptide: LDRlAQPNYl 
(anti-G,,); AS164 antibody to the Ga,, peptide: 
CTGANKYDEAAS (anti-G,,); AS17 antibody to the 
Gat peptide. KENLKDCGLF (known to recognize 
both Ga,, and Ga,,) (anti-G,,,,); EC antibody to 
the Ga,, peptide: KNNLKECGLY (anti-G,,). 

31. Perrneabilization was done in the absence of 
divalent cations in a buffer (buffer A) containing 
137 mM NaCI. 2.7 mM KCI. 5.6 mM glucose. 
bovine serum albumin (BSA) (1 mglml), and 20 
mM Hepes (pH 7.5). The cells were permeabi- 
lized for 6 min at 30°C with 50 FM ATP in the 
presence of EGTA (15 pM). The cells were 
resealed by the addition of 3 mM MgCI, for 10 
min, transferred and diluted in new tubes con- 
taining buffer A, and incubated for 10 min. The 

cells were then treated with 48180 (5 ~g lm l )  
for 20 rnin at 37°C. The reactions were quenched 
by the addition of ice-cold buffer without BSA. 
The cells were sedimented and the amount of 
secreted histamine was measured as described 
tn. 

32. birified mast cells suspended in buffer A (31) 
were allowed to adhere to glass cover slips for 
90 min at 37'C under a humidified atmosphere of 
93% air and 7% CO,. The cells were washed 
twice with phosphate-buffered saline (PBS) and 
fixed for 30 min at room temperature in 3% 
paraformaldehyde. The cells were washed three 
times with PBS and transferred to ice. They were 
subsequently permeabilized on ice for 3 min 
with a buffer containing 100 mM NaCI. 300 mM 
sucrose, 1 mM EGTA. 1 rnM phenylmethylsulfo- 
nyl fluoride (PMSF), 10 rnM Pipes (pH 7.0), and 
0.5% Triton X-100. After one wash with PBS and 
two washes with 0.05% Tween in PBS (Tween- 
PBS), the cells were incubated for 30 min at 
room temperature with affinity-purified AS17 
(33.5 ~glml) ,  affinity-purified EC (50 ~g lml ) ,  or 
antiserum to mannosidase 11 (1:200) diluted in 
Tween-PBS. After three washes with Tween-PBS 
buffer, the cells wzre incubated for 30 min at 

A Link Between Cyclin A Expression and 
Adhesion-Dependent Cell Cycle Progression 

Thomas M. Guadagno, Motoaki Ohtsubo, James M. Roberts, 
Richard K. Assoian* 

Cell adhesion has an essential role in regulating proliferation during the G, phase of the 
cell cycle, and loss of this adhesion requirement is a classic feature of oncogenic trans- 
formation. The appearance of cyclin A messenger RNA and protein in late G, was de- 
pendent on cell adhesion in both NRK and NIH 3T3 fibroblasts. In contrast, the expression 
of Cdc2, Cdk2, cyclin Dl ,  and cyclin E was independent of adhesion in both cell lines. 
Transfection of NRK cells with a cyclin A complementary DNA resulted in adhesion- 
independent accumulation of cyclin A protein and cyclin A-associated kinase activity. 
These transfected cells also entered S phase and complete multiple rounds of cell division 
in the absence of cell adhesion. Thus, cyclin A is a target of the adhesion-dependent signals 
that control cell proliferation. 

Adhesion to substratum is required for the the synthesis of these Cdk's or cyclins was 
proliferation of most mammalian cell types; anchorage-dependent. 
nonadherent cells fail to proliferate despite Adherent and nonadherent fibroblasts 
the presence of growth factors and nutrients 
(1, 2). In NRK and NIH 3T3 fibroblasts, 
this adhesion reauirement can be ex~lained Fig. 1. Effect of cell ad- A NRK 

in terms of a discrete cell cycle transition 
that is manifest in late G,  and prior to the 
rise in histone H1 kinase activity character- 
istic of cells entering S phase (2-6). G,/S 
histone H1 kinase activity likely results 
from the activation of the CdcZ or CdkZ 
cyclin-dependent kinase (Cdk) by cyclin A 
or cyclin E (6-8). Thus, we asked whether 
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room temperature with lissamine rhodamine- 
labeled antibody [affinity-purified goat antibody 
to rabbit immunoglobulin G (Jackson Immuno- 
research Laboratories, West Grove. PA), 1 :40 
dilution in Tween-PBS buffer]. Subsequently, the 
cells were washed once with Tween-PBS and 
twice with PBS. The cells were viewed on a Zeiss 
Axioskop microscope with a 100x Plan-Neofluar 
objective and photographed on Fujichrome 
3200 film. For peptide inhibition, each antibody 
was incubated for 2 hours at room temperature 
with the respective peptide (100 pglml). For 
treatment with BFA, a similar labeling procedure 
was used. However, the adhered cells were 
washed and treated with BFA (10 pglml) for 10 
rnin in PBS at 37°C before fixation. 
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synchronized in Go were exposed to growth 
factors (fetal calf serum and epidermal 
growth factor) (9) and collected at times 
corresponding to transit through G, (1 0). 
RNA blot hybridizations (I I )  showed that 
the accumulation of CdcZ and cyclin Dl  
mRNAs was independent of cell anchor- 
age. whereas the accumulation of cvclin A 
;&A was strictly anchorage-dependent 
in both NRK and NIH 3T3 cells (Fig. 1A). 
In adherent cells, cyclin A mRNA was first 
detected in late G, (Fig. lA), suggesting a 
~ossible role for cvclin A in mediatine - 
anchorage-dependent cell cycle progression 
from late G ,  to S. 

Adherent and nonadherent NRK and 
NIH 3T3 cells synchronized at early S 
phase by incubation with hydroxyurea (2) 
were analyzed for CdkZ, cyclin E, and 
cyclin A protein (Fig. 1B). Immunoblot- 
ting (12) showed that the overall amounts 
of CdkZ and cyclin E proteins were anchor- 
age-independent, although the distribution 

NIH 3T3 B NRK NIH 3T3 
heslon on cell cycle-de- - lp.li 

1 6 -  r000-md cdc2 *- pendent expression of - I 6  - -  cdk2 - - a 
CYClln A (A) Attach- 4 5 - - rr - - 0 Q! Dl O f  ment-dependent expres- . 4 5  -- wl E 
slon of cyclln A mRNA . 
Adherent and nonadher- , 8- - 1 8  - -  cyl A - - 
ent NRK and NIH 3T3 M s M s 
fibroblasts synchronized 
at Go were exposed to 
growth factors, similar &810Z 2,Q10_12j W O  12 1 0 ~ 8 m  

Adherent No~ad'lerent Adherent Flonadherent amounts of isolated total 
RNA (see 28s) were Period of mitogen lreatment (hours) 
fractionated and hybrid- 
ized to cDNA probes for p34cdc2, cyclin Dl, and cyclin A. Flow cytometry confirmed that both the 
adherent and nonadherent cells remained in G, throughout the time points tested. Molecular size 
markers are indicated at lefl (in kilobases). (B) Attachment-dependent expression of the cyclin A protein. 
Adherent (M, monolayer) and nonadherent (S, suspension) hydroxyurea-synchronized NRK and NIH 
3T3 cells were prepared, collected, and extracted. Equal amounts of protein from each extract were 
subjected to immunoblot analysis. Cell viability was 90%, as determined by trypan blue exclusion, 
throughout the experiments. 
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of cyclin E protein between its two isoforms 
(13) was anchorage-dependent in NIH 3T3 
cells. Because this regulation of cyclin E 
isoforms was not observed in NRK cells, it 
is unlikely to be essential for maintaining 
the anchorage-dependent phenotype. In 
both cell types, however, accumulation of 
cyclin A was anchorage-dependent (Fig. 
lB), consistent with the anchorage-depen- 
dent accumulation of its mRNA. 

NRK and NIH 3T3 fibroblasts were in- 
fected with a cyclin A cDNA expressed 
from a retroviral promoter (14) in order to 
uncouple the expression of cyclin A from 
the adhesive state of cells. Cells were also 
infected with the vector alone and vectors 
encoding cyclin E and CdkZ (14). G-418- 
resistant colonies were obtained for all in- 
fections, and both cell types overexpressed 
cyclin E and CdkZ mRNAs. However, ec- 
topically expressed cyclin A mRNA and 
protein was only detected in NRK cells. 
Infection of Rat-1 and primary human fore- 
skin fibroblasts also failed to yield stable 
cyclin A expressors. Thus, cyclin A expres- 
sion is likely controlled at multiple levels; 
our use of NRK cells was fortuituous in 
allowing us to examine the consequence of 
ectopic cyclin A expression. 

RNA (Fig. 2A) and protein (Fig. 2B) 
blot analysis from asynchronous cultures of 
each NRK transfectant (NRKne", NRK'yA, 
NRK'yE, and NRKCdk2) (15) showed that 
cyclin A, cyclin E, and Cdk2 mRNAs and 
proteins were expressed by the corresponding 
infected cells in both the presence and ab- 
sence of cell adhesion. The amounts of these 
proteins were three to five times those in cells 
infected with the vector alone (NRK""', Fig. 
2B). All of these NRK transfectants cycled 
similarly in monolayer (16), indicating that 
overexpression did not alter cell cycle progres- 
sion in general. However, only the cells ex- 
pressing cyclin A were able to cycle in suspen- 
sion (1 7) (Fig. 2C). Thus, cyclin A specifi- 
cally restored cell cycling in nonadherent 
NRK fibroblasts. These results were observed 
in at least four separate experiments (with 
pools and isolated clones). NIH 3T3 transfec- 
tants overexpressing cyclin E or CdkZ also 
failed to proliferate in suspension. 

To demonstrate that ectopic expression of 
cyclin A rescues cell cycle progression at the 
G1/S adhesion-dependent transition, we 
treated adherent and nonadherent N W "  
and NRK'yA cells synchronized in Go with 
growth factors and incubated them with 
13H]thymidine for consecutive 2-hour peri- 
ods spanning S phase (18). Both NRKne" 
and N R P A  cells entered S phase at 12 
hours when cultured in monolayer, but only 
N W y A  cells entered S phase when cultured 
in suspension (Fig. 3A). Although the rate 
of entry into S phase was slower than that 
observed with the adherent counterparts, 
the expression of cyclin A at the Gl/S 

boundary was sufficient to override the ad- of NRKqA cells, heterogeneity in the cells 
hesion requirement for Gl/S transit. Because expressing cyclin A cannot account for the 
the delayed entry into S phase was observed altered kinetics of Gl/S transit. Thus, an- 
with two isolated NRKqA clones and a pool chorage-dependent expression of cyclin A 

Fig. 2. Analysis of NRK transfec- 
tants. NRK transfectants were in- 
cubated for 2 days in growth fac- 
tor-supplemented DMEM prior to 
collection and extraction. (A) Ec- 
topic gene expression. RNA isolat- 
ed from adherent (M, rnonolayer) 
and nonadherent (S, suspension) 
NRKWA, NRKWE, and NRKCdW 
cells was fractionated and hybrid- 
ized to the corresponding cDNA 
probe. Staining for ethidium bro- 
mide showed similar amounts of 
ribosomal RNA in each lane, and 
parallel hybridizations with RNA 
isolated from NRKneO cells showed 
that the major bands represent 
specific hybridization to the ectop- 
ically expressed mRNA. (B) Ec- 
topic protein expression. Extracts 
of adherent (M) and nonadherent 
(S) NRKWA, NRKCyE, and NRKCdW 
cells were analyzed by SDS-gel electrophoresis and immunoblotting with antibodies specific for the 
ectopically expressed protein. Results with NRKneo cells show the corresponding endogenous 

neo cdk2 

M M S  M ~3 

expression for each ectopically expressed protein. (C) Cell cycling in nonadherent NRK transfectants. 
NRKneO, NRKWA, NRKCyE, and NRKCdW cells were incubated in suspension for 2 days, and the extent 
of cell cycling was assessed by incorporation of [3H]thymidine into DNA during the last 24 hours. Two 
distinct pools of stable transfectants were tested for cyclin A (cyl A1 and A2) and cyclin E (cyl El  and 
E2). Cell viability was 90%. 

Perlod ol mRogmn tnatmant (houn) P a w  d milogan treatment (days) 

Fig. 3. G,/S transit of NRKcyA cells in the absence of cell attachment. (A) Entry into S phase. 
Adherent (solid lines) and nonadherent (dashed line) NRKneO (A) and NRKCyA [clone 1 (a) and 
clone 2 (D)] cells synchronized in Go were treated with growth factors, and the extent of DNA 
synthesis was determined from duplicate cultures by incorporation of [3H]thymidine during 
consecutive 2-hour periods (ranges were within 10% of the means shown). NRKCyA clone 1 and 
clone 2 were isolated from an NRKCyA pool. (B) Sustained DNA synthesis in nonadherent NRKWA 
cells. Nonadherent NRKneO (0) and NRKCyA cells synchronized in Go [clone 1 (M) and the cylA2 pool 
(D)] were exposed to growth factors, and duplicate cultures were incubated with [3H]thymidine for 
three consecutive 24-hour periods. Data are plotted as mean [3H]thymidine incorporation minus 
background (ranges were within 7% of the means shown). Background [3H]thymidine incorporation 
is defined as TCA-insoluble radioactivity in 1-day cultures lacking growth factors. The arrowhead 
shows the amount of [3H]thymidine incorporation when NRKneO and the NRKCyA cells were 
incubated with growth factors for 1 day in rnonolayer. (C) Cyclin A-associated H I  kinase activity. 
Nonadherent NRKneO and NRKcyA cells synchronized in Go were exposed to growth factors, either 
for 16 hours in the presence of hydroxyurea (G,lS) or for 2 days, before extraction and determination 
of histone H I  kinase activity. Symbols: (+) and (-) show the extent of histone H1 phosphorylation 
when extracts of adherent G,IS-synchronized NRKneO cells were incubated with antiserum to cyclin 
A and normal rabbit serum, respectively. NRKneO and NRKcyA remained 90% viable during 2 days 
in suspension. 
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underlies a large part, but not all, of the 
adhesion requirement for Gl/S transit. 

The stimulation of G,/S transit that we 
observed with the cyclin A transfectant was 
persistent: Growth factor-treated, nonad- 
herent N W y A  fibroblasts continued to in- 
corporate [3H]thymidine into DNA (Fig. 
3B) during three consecutive 24-hour incu- 
bations with radiolabel (1 8). The number 
of N W y A  cells also increased five- to 
sixfold during the 3-day incubation, where- 
as NRKneO cells showed no change in num- 
ber. Consistent with their differential rates 
of cell cycle progression, extracts of nonad- 
herent NRK'yA cells showed amounts of 
cyclin A-associated kinase activity toward 
histone H1 (19) that were threefold and 
fivefold greater than that observed with 
NRKneO cells (Fig. 3C, G,/S and day 2, 
respectively). NRKCyA cells also formed col- 
onies in growth factor-supplemented soft 
agar (20), whereas NRKneO cells did not 
(Fig. 4). 

NRKneO and NIWyA cells have a well- 
spread and nonovergrowing phenotype in 
monolayer (Fig. 4). We never observed 
focus formation in NRK cells expressing the 
cyclin A gene despite the fact that these 
cells were anchorage-independent for 
growth. In fact, the phenotype of our cyclin 
A transfectants resembles that of NW cell 
mutants that have lost their adhesion re- 
quirement, but not their growth factor re- 
quirement, for cell proliferation (2). In 
molecular terms, this might mean that con- 
stitutive expression of cyclin A is not suffi- 
cient to bypass the earlier growth factor- 
dependent events that now seem to corre- 
late with the expression of cyclins D and E 
(12, 21, 22). 

Most eukaryotic cells commit to cell di- 
vision during the late G,  phase of the cell 
cycle (23, 24). The notion of an irreversible 
commitment step during late G, in mamma- 
lian cells was first described in terms of the 
cellular response to growth factors (23), but 
cell adhesion also contributes to the process 
of commitment (1, 2). Perhaps the sequen- 
tial synthesis and action of cyclins D, E, and 
A, together with that of their catalytic 
subunits, the Cdk's, may integrate the 
growth factor- and adhesion-induced signals 
that control the process of commitment to 

Day 14 Day 14 (pool) Day 14 (clone 2) 

F I . . I 

Fig. 4. Anchorage-independent growth of NRK 
fibroblasts ectopically expressing cyclin A. The 
figure shows NRKneo (left panels) and NRKcyA 
(right panels) cells that were cultured in growth 
factor-supplemented soft agar for 14 days (top 
panels) or brought to confluence in monolayer 
with DMEM containing 5% FCS (bottom pan- 
els). Each photograph was taken with a x10 
objective. 

vations by showing that (i) cyclin A expres- 
sion is a target of anchorage-dependent sig- 
nals and (ii) enforced expression of cyclin A 
induces anchorage-independent growth. 
These data both support and extend previous 
studies demonstrating that cyclin A is nec- 
essary for entering S bhase (4, 26). 

Cyclin A expression appears to be a 
general target of adhesion-dependent sig- 
naling since this link is observed in both 
NRK and NIH 3T3 cells. However, we 
succeeded in expressing cyclin A constitu- 
tively only in NRK cells. The similar phe- 
notypes of cell cycle arrest in nonadherent 
NRK and NIH 3T3 cells (2) suggest that 
ectopic cyclin A expression could mediate 
adhesion-dependent signals in fibroblasts 
generally. But it is also possible that NRK 
cells represent a uniquely simple system for 
studying the role of cyclin A in adhesion- 
dependent cell proliferation. In other cells, 
additional levels of control may restrict the 
cell cycle in the absence of cell adhesion. 
Indeed, the failure of cyclin A to fully 
rescue normal proliferation kinetics in non- 
adherent NRK cells hints at the presence of 
other regulatory mechanisms. 

Cell adhesion is mediated by the interac- 
tion of extracellular matrix vroteins with cell 

naling systems can cooperate at the molec- 
ular level: Adhesion induces cyclin A gene 
expression only after growth factors bring 
the cells to an adhesion-responsive portion 
of the cell cycle. 
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dishes coated with either 100 p g  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]thym~dine (1 pClIml) for the 
2-hour per~ods shown In Fig 3A DNA synthesis 
over a 3-day period was determined slm~larly 
except that the Incubation w~ th  [3H]thymid~ne was 
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Characterization of a Pathway for Ciliary 
Neurotrophic Factor Signaling to the Nucleus 

Azad Bonni, David A. Frank, Chris Schindler, 
Michael E. Greenberg* 

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 DNAsequencefound in promoters 
"of 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. 

Ciliary neurotrophic factor enhances the 
survival and differentiation of distinct popu- 
lations of neurons and glia (1, 2). It binds to 
the a comoonent of its receotor and then 
sequentially associates with two structurally 
related P signal-transducing receptor compo- 
nents, gp130 and the leukemia inhibitory 
factor receptor p (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. 

A Bonn~, Program in Neurosclence, Haward Med~cal 
School, Boston, MA 021 15 
D. A Frank, Department of Microb~ology and Molec- 
ular Genetics, Haward Med~cal School, and the Dana- 
Farber Cancer Institute. Boston MA 021 15 

A CNTF signaling pathway might share 
components of the signaling pathways for 
interferon alpha (IFN-a) and gamma (IFN- 
y) (8-10). The CNTF receptor is related in 
structure to the IFN receptors (I I). Protein 
tyrosine phosphorylation is required for sig- 
naling by CNTF and IFNs (6, 9, 10). An 
important DNA promoter site in genes acti- 
vated by interleukin-6 (IL-6) (12) bears 
similarity to the IFN-y-activated site (GAS) 
(1 3), which mediates transcriptional induc- 
tion of IFN-y-responsive genes. These ob- 
servations and the finding that the CNTF 
and IL-6 receptors share the signal-transduc- 
ing subunit gp130 (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-y (9, 10). Phosphorylated p91 then 
translocates to the nucleus where it partici- 
Dates in the transcri~tional activation of 
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