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A cascade of events is triggered upon the addition of growth factor to quiescent mammalian cells, which 
ultimately restarts proliferation by inducing the transition from Go/G 1 to S-phase. We have studied cyclin D1, 

a putative G1 cyclin, in normal diploid human fibroblasts. Cyclin D1 accumulated and reached a maximum 

level before S-phase upon the addition of serum to quiescent cells. The protein was localized to the nucleus, 

and it disappeared from the nucleus as cells proceeded into S-phase. Microinjection of anti-cyclin D1 

antibodies or antisense plasmid prevented cells from entering S-phase, and the kinetics of inhibition showed 
that cyclin D1 is required at a point in the cell cycle earlier than cyclin A. These results demonstrate that 
cyclin D1 is a critical target of proliferative signals in Gx. 
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The availability of growth factors and nutrients and the 
surrounding environment of any cell in a multicellular 
eukaryote regulate its proliferative potential {Pardee 
1989}. Signals transduced from the extracellular environ- 
ment impinge on the cell cycle control machinery and 
determine whether a cell should proceed through the cell 
cycle or become quiescent. Because these controls are 

defective in cancer cells, it is crucial to understand the 
molecular reactions involved before devising novel strat- 
egies for cancer treatment. 

A family of serine/threonine protein kinases, the cy- 

clin-dependent kinases (Cdks), have been described re- 
cently. These Cdks appear to have a role in controlling 
progression through the cell cycle (for review, see Pines 
and Hunter 1991). The prototype cyclin-dependent pro- 
tein kinase, Cdc2, is a regulator of mitosis in all eukary- 
otic cells. A complex of Cdc2 and its regulatory subunit 
cyclin B is activated specifically before mitosis and phos- 
phorylates key mitotic proteins (for review, see Draetta 
1991; Nigg 1991). 

Although much is known about the regulation of entry 
into mitosis, our knowledge of the molecular mecha- 
nisms that control progression through other cell cycle 

stages is limited mostly to findings in yeast. In Schizo- 
saccharomyces pombe the Cdc2 kinase is required for 
progression into both S-phase and mitosis {for review, 
see Forsburg and Nurse 1991). In Saccharomyces cerevi- 
siae, it has been demonstrated that Cdc28 (the S. cerevi- 
siae homolog of Cdc21, through the association with dis- 
tinct cyclins, activates entry into S-phase and into mi- 
tosis (Hadwiger et al. 1989; Wittemberg et al. 1990; 

1Present address: Mitotix, Building 600, Cambridge, Massachusetts 
02139 USA. 

Ghiara et al. 1991; Surana et al. 1991). In contrast, sev- 
eral findings suggested that the mammalian homolog of 
Cdc2 is only involved in controlling entry into mitosis 
{Riabowol et al. 1989; Th'ng et al. 1990; Hamaguchi et 
al. 1992; Matsushime et al. 1992; Xiong et al. 1992; Pa- 
gano et al. 1993). Recently, in human, mouse, Drosoph- 
ila, and Xenopus cells, novel proteins sharing structural 
similarities to Cdc2 have been identified that are likely 
candidates for cell cycle kinases acting at stages other 

than the G~/M transition (Elledge and Spottswood 1991; 
Ninomiya-Tsuji et al. 1991; Paris et al. 1991; Tsai et al. 
1991; Meyerson et al. 1992; Okuda et al. 1992). 

The regulatory subunits of these kinases, the cyclins, 
were identified initially in marine invertebrates as pro- 
teins that undergo periodic accumulation during the cell 
cycle (Evans et al. 1983; Swenson et al. 1986). They were 
then demonstrated to be required for cell cycle progres- 
sion in these and other organisms (Swenson et al. 1986; 
Minshull et al. 1989; Murray and Kirschner 1989; Girard 
et al. 1991; Pagano et al. 1992b; Zindy et al. 19921 and to 
associate with Cdc2 {Booher et al. 1989; Draetta et al. 
1989; Labb6 et al. 1989; Meijer et al. 1989; Pines and 

Hunter 1989; Gautier et al. 1990; Minshull et al. 19901. 
After the initial isolation of cyclins A and B in humans 

IPines and Hunter 1989; Wang et al. 1990}, novel human 
cyclins IC, D, El were identified {Koff et al. 1991; Lew et 
al. 1991; Matsushime et al. 1991; Motokura et al. 1991; 
Xiong et al. 19911, and a role during the G1 or S-phase has 
been hypothesized for D and E cyclins (Matsushime et al. 
1991; Dulic et al. 1992; Koff et al. 1992; Lees et al. 1992). 
Cyclins D are only distantly related to other cyclins. 
Cyclin D1 is a most intriguing protein, as it was found 
that cyclin D1 mRNA is overexpressed in parathyroid 

adenoma (Motokura et al. 1991), in centrocytic lym- 
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phoma (Rosenberg et al. 1991), in breast and squamous 

cell carcinomas (Lammie et al. 1991), and in esophageal 

carcinomas (Jiang et al. 1992). The overexpression in tu- 
mors suggests that cyclin D1 is involved in the process 

leading to transformation. Two additional cDNAs cod- 
ing for proteins highly related to cyclin D 1 were isolated 
from both mouse (Matsushime et al. 1991; Kiyokawa et 

al. 1992) and human ceils (Inaba et al. 1992; Xiong et al. 
1992}. It was shown that the D-type cyclin mRNAs have 
a distinctive tissue-specific expression. In particular, cy- 

clin D1 mRNA is expressed in a large number of tissues, 
with the exception of normal lymphoid and myeloid 

cells IWithers et al. 1991; Inaba et al. 1992). Cyclin D2 
mRNA expression was found to be highest in sarcomas 
and in T lymphocytes (Matsushime et al. 1991; Inaba et 

al. 1992; Won et al. 1992}, whereas cyclin D3 is widely 
expressed, but at particularly high level in leukemia cells 
(Inaba et al. 1992). In mouse macrophages, cyclin D1 

associates with a Cdc2-related protein and becomes 
phosphorylated during G1 (Matsushime et al. 1991). The 
major 34-kD subunit associated with these cyclins in 

both macrophages and lymphocytes is PSK-J3 (Cdk4) 

IMatsushime et al. 1992}, the product of a gene identified 
previously by cross-hybridization with oligonucleotide 
probes derived from highly conserved coding regions of 

the protein kinase family (Hanks 1987}. In addition to 
Cdk4, Cdk2 and CdK5 are associated with cyclin D1 in 
human fibroblasts (Xiong et al. 1992). Whether these 

complexes are specifically activated during G1 is not 
known, but it has been shown that recombinant com- 
plexes of Cdk4 and D cyclins are able to phosphorylate 
the retinoblastoma gene product, pRb, a negative growth 
regulator whose phosphorylation is necessary for the 

G1/S transition (Matsushime et al. 19921. 
We decided to investigate the role of cyclin D 1 in hu- 

man fibroblasts stimulated to reenter the cell cycle, spe- 

cifically trying to understand whether in analogy to mi- 

totic cyclins, cyclin D1 plays an activating role in the 
cell cycle. We found that cyclin D 1 appeared in the nu- 

cleus as ceils were stimulated to enter the cell cycle by 

serum addition and that it disappeared as cells entered 

S-phase. Microinjection of antibodies or antisense plas- 

mid to cyclin D1 prevented ceils from entering S-phase. 
These experiments demonstrate that cyclin D1 is an ac- 
tivator of cell cycle progression and that it may be reg- 

ulated in a similar fashion to mitotic cyclins. 

Results  

Cyclin DI in human lung fibrobIasts 

Using affinity-purified antibodies generated against re- 

combinant cyclin D1 (see Materials and methods), a Mr 
35,000 band was detected in immunoblots of extracts 

from HeLa cells or human lung fibroblast (IMR90} cells 

(Fig. 1A, lanes 1, 2). The protein was expressed in much 
greater amounts in the fibroblasts than in HeLa cells (cf. 
lanes 1 and 2). In the fibroblasts, after immunoprecipita- 
tion, a band of similar relative molecular mass was de- 
tected by immunoblotting (Fig. 1A, lane 4). When spe- 

cific antibodies were depleted by preadsorption on cyclin 

D1-Sepharose, the 35-kD protein could not be detected 

(Fig. 1A, lane 61. To confirm the identity of the protein, 
we performed immunoprecipitations from cells metabol- 
ically labeled with [aSS]methionine. A protein of approx- 

imately Mr 35,000 was identified (Fig. 1B, lane 2J. The 
band was cut from the gel and subjected to V8-protease 
peptide mapping, and its digestion pattern was compared 
with the one of in vitro-translated 3SS-labeled human 
cyclin D1 (Fig. 1C). The two maps were identical, dem- 

onstrating that the protein recognized by our antibodies 
was authentic cyclin D1. 

The anti-cyclin D1 antibodies also recognized recom- 

binant human cyclin D2, but not cyclin D3 (data not 
shown). In the human fibroblasts neither cyclin D2 nor 
cyclin D3 were detected by either immunoblotting or 

immunoprecipitation, with our antibodies or with a spe- 
cific anti-cyclin D3 antiserum (gift of Y. Xiong, Cold 

Figure 1. Characterization of anti-cyclin 
D1 antibodies. {A) Immunoblot. (Lane 1) 
HeLa extract (100 ~g); (lane 2) human fi- 
broblast extract (100 o-g); (lane 3) recombi- 
nant human cyclin D1 (50 ng]; (lane 4) im- 
munoprecipitation (human fibroblast ex- 
tract) with affinity-purified anti-cyclin 
D 1; (lane 5] immunoprecipitation (human 
fibroblast extract} with normal rabbit se- 
rum; (lane 6) immunoprecipitation (hu- 
man fibroblast extract} with affinity-puri- 
fied anti-cyclin D1 preadsorbed on cyclin 
D 1-Sepharose. The entire filter was blot- 
ted with affinity-purified anti-cyclin D1. 

(B) Immunopreclpitation from [3SS]methionine-labeled cells. Extracts from asynchronous human fibroblasts were lysed and immu- 
noprecipitated either with affinity-purified anti-cyclin D1 (lane 2] or with normal rabbit serum (lane 3). [aSS]Methionine-labeled in 
vitro translated human cyclin D1 was used as a marker (lane 1). (C) Partial proteolytic map of [35Slmethionine-labeled cyclin DI. In 
vitro translated human cyclin D1 (lanes 1,3) or immunoprecipitated cyclin D 1 from [3SS]methionine-labeled human fibroblasts (lanes 
2,4) was subjected to partial digestion with V8-protease (lanes 1,2; 10 ng; lanes 3,4; 100 ng). {M) molecular mass markers. The 
arrowhead indicates cyclin D1. 
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Spring Harbor Laboratory). Human lung fibroblasts 

therefore express relatively large amounts of cyclin D1 

but do not express cyclins D2 or D3. In all subsequent 

experiments we used only human lung fibroblasts 
{ATCC IMR90). 

Cyclin DI in cells stimulated to grow 

We sought to analyze the accumulation of cyclin D1 in 

quiescent or growing fibroblasts. Cells were cultured in 
the absence of serum for 3 days, which resulted in < 1% 

of the cells growing, as assessed by both 5-bromodeox- 

yuridine (BrdU) incorporation during a 24-hr incubation 

period and by flow cytometry (data not shown; Pep- 

perkok et al. 1988b). Quiescent cells were stimulated 

with serum and sampled at 4-hr intervals thereafter. In 

Figure 2A, the percentage of cells in S-phase after serum 

stimulation is shown. Cells started to synthesize DNA 

12 hr postserum addition, and by 24 hr -80% of the cells 

had entered S-phase. Cell extracts were also made and 

analyzed by SDS-PAGE and immunoblotting with anti- 

bodies to cyclin D1 or cyclin A (Fig. 2B). The level of 

cyclin D1 was low in quiescent cells; it then increased 

steadily until -20  hr postserum addition. At -24  hr, a 

decrease in cyclin D1 accumulation was observed. This 

was consistently found in different experiments and may 
reflect an increased turnover of the protein at the time 

cells enter S-phase. Given that a fraction (20-30%) of the 

cells had not entered S-phase by 24 hr postserum addi- 

tion, it cannot be excluded that the residual cyclin D1 

detected at 24 hr was derived from GI cells. Cyclin D1 

began to reaccumulate by 32 hr, but by that time the cell 

population had lost synchrony. Cyclin A appeared later, 

12 hr postserum addition, and accumulated steadily un- 
til 28 hr, as described. 

The accumulation of cyclin D1 was also analyzed by 
giving pulses of [3SS]methionine to cells while they pro- 

gressed through the cell cycle and then immunoprecipi- 
tating the cyclin from the cell extracts {Fig. 2C). A dra- 
matic increase in cyclin D 1 level was observed between 

8 and 12 hr, with a maximum at - 20  hr after stimula- 

tion. The accumulation of the labeled cyclin D1 then 

decreased by 24 hr, as a result of either a decrease in its 

rate of synthesis or an accelerated degradation. 

In conclusion, cyclin D 1 levels were reduced in quies- 

cent cells, and in early G1 the protein was synthesized 

rapidly and accumulated steadily. As cells entered 

S-phase, the protein accumulation appeared to decrease. 

Cellular localization of cyclin DI 

We then asked whether the subcellular distribution of 

cyclin D1 changed in growing cells. We used indirect 

immunofluorescence to examine the cyclin D1 staining 

in asynchronous cells, as well as in serum-deprived or 

serum-stimulated cells (Fig. 3). In asynchronously grow- 

ing cells, the immunofluorescence signal was located 

predominantly in the nucleus (Fig. 3A). The specificity of 

the antibody response was demonstrated by incubation 

Figure 2. Accumulation of cyclin D1 in human fibroblasts 
stimulated to grow. (A) DNA synthesis. Go-arrested cells ob- 
tained by serum deprivation were stimulated by adding 20% 
FCS. BrdU was added simultaneously to monitor DNA synthe- 
sis. At the indicated times, cells were fixed and stained for BrdU 
detection. The graph indicates the percentage of BrdU-positive 
cells. Each value represents a minimum of 200 cells counted 
and is the mean of three independent experiments. {B} Cyclin A 
and cyclin D1 immunoblotting. Extracts (100 ~g total proteinl 
were prepared from cells at different times after serum addition 
and were analyzed by SDS-PAGE (12.5% gel) and immunoblot- 
ting with affinity-purified anti-cyclin D 1 or polyclonal anti-cy- 
olin A. (CI Cyclin D1 synthesis. Cells were pulse labeled with 
[3SS]methionine for 2 hr before harvesting at the indicated times 
after serum readdition. For each sample, equivalent amounts of 
TCA-precipitable cpm were immunoprecipitated with affinity- 
purified anti-cyclin D1 antibodies and analyzed by SDS-PAGE 
(12.5% gel). [3~S]Methionine-labeled in vitro translated human 
cyclin D1 was used as a marker. 

with the antigen before the addition to the eoverslip 

completely abolished the nuclear fluorescence. In con- 

trast, the perinuclear stain was nonspecific and was the 

result of the anti-rabbit secondary antibody (data not 

shownl. Using different anti-cyclin D I monoclonal anti- 

bodies (J. Lukas, M. Pagano, I. Bartek, and G. Draetta, in 

prep.), we also found that in asynchronously growing 

cells the cyclin D1 staining was exclusively nuclear. 

In quiescent cells, a very low intensity-specific cyto- 

plasmic staining was detected (Fig. 3B). Mter serum ad- 
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Figure 3. Immunolocalization of cyclin D1 in human fibroblasts. Asynchronous, G0-arrested and -restimulated human fibroblasts 
were fixed and stained with affinity-purified anti-cyclin D1 antibodies (top) and with Hoechst 33258 (bottom). (A,a) Asynchronous 
cells; (B,b) G0-arrested cells; (C,c, D,d, E,e), (F,f) 4, 8, 16, and 24 hr postserum addition, respectively. 

dition, cyclin D1 began to accumulate in the nucleus. 
The nuclear localization was maintained until 16-18 hr 

after serum addition [Fig. 3C-E) and then disappeared as 

cells entered DNA synthesis, at 24 hr postserum addi- 

tion [Fig. 3F). Similar results were obtained when cells 

were fixed with paraformaldehyde or with paraformalde- 

hyde-methanol.  

The disappearance of cyclin D1 from the nucleus dur- 

ing S-phase was striking. We decided to repeat the exper- 

iment by sampling cells at short intervals for 24 hr while 

testing simultaneously for BrdU incorporation and cy- 

d in  D1 staining. The results of two independent exper- 

iments are shown in Figure 4A. Cyclin D1 disappeared 

from the nucleus as cells entered S-phase. BrdU-negative 

cells showed a clear nuclear accumulation of cyclin D 1. 
Most of the cells that incorporated BrdU had no cyclin 

D1 in the nucleus; however, 5-10% of those cells 
showed a low-intensity cyclin D1 staining. Similar re- 

sults were obtained when continuously cycling cells, as 

opposed to cells exiting quiescence, were analyzed (Fig. 

4B). We examined asynchronously growing cells by dou- 

ble antbcyclin D 1-propidium iodide staining and found 

that the cyclin D 1 staining was restricted essentially to 

cells in G1 (J. Lukas, M. Pagano, J. Bartek, and G. Draetta, 
in prep.). The exclusion of the protein from the nucleus 

might play a determining role in the entry into S-phase. 

Figure 4. Cyclin D1 disappears from the nucleus as ceils synthesize DNA. (A) Nuclear cyclin D1 staining and DNA synthesis. 
Go-arrested cells were stimulated to enter the cell cycle upon the addition of serum, and BrdU was added simultaneously. Cells were 
fixed and stained to detect cyclin D1 and BrdU at the indicated times. (Ill Cyclin D1; {O) BrdU. Each value represents a minimum 
count of 200 cells and is the mean (-+s.E.) of three independent experiments. (BI Indirect immunofluorescence of cyclin D1 and BrdU 
in asynchronous cells (top) and in cells fixed 24 hr after serum addition (bottom). 
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Inhibition of cell cycle progression by microinjection 
of antisense plasmid and antibodies to cyclin D1 

To assess the role of cyclin D 1 in the early phases of the 
cell cycle, affinity-purified antibodies to cyclin D 1 and a 

plasmid containing the full-length cyclin D1 eDNA in 
antisense orientation were microinjected at different 
times before or after serum addition to quiescent cells. 

BrdU was added just after microinjection to monitor 
DNA synthesis. To identify the plasmid-injected cells, 
normal rabbit antibodies were coinjected. At 24 hr post- 

serum addition, cells were fixed and double stained with 

an anti-BrdU mouse monoclonal antibody and anti-rab- 
bit antibodies. 

In Figure 5, the results of a typical microinjection ex- 
periment are shown. Photographs of cells microinjected 

with cyclin D1 antibodies (Fig. 5A-C) and photographs 
of antisense plasmid microinjection (Fig. 5D--F) are 
shown. Cells microinjected with either antibodies or an- 
tisense plasmid were prevented from entering DNA syn- 
thesis. Microinjection of control antibodies or control 

vector (Fig. 5, G-I) did not result in any significant inhi- 
bition. 

To demonstrate that the antisense microinjections 
were preventing cyclin D1 expression, 16 hr after injec- 

tion cells were fixed and stained with anti-cyclin D1 
antibodies and cyclin D1 was undetectable (Fig. 5K-L). 

Three different sets of experiments, in which cells 
were injected before serum addition or 8 and 16 hr post- 
serum addition, were performed and quantitatively ana- 

lyzed (Fig. 6A). The results showed unequivocally that 
cyclin D 1 antibody or antisense cyclin D1 plasmid mi- 
croinjections at 0 or 8 hr postserum addition caused a 

severe inhibition of DNA synthesis. Microinjections at 

16 hr were ineffective, suggesting that some critical cy- 
olin D 1-induced events had been accomplished by that 
time and demonstrating that DNA synthesis inhibition 
was specific and not the result of a toxic component 
present in the microinjected solutions. 

The specific inhibitory effect of our affinity-purified 
anti-cyclin D1 antibodies was also demonstrated by the 
fact that preadsorption of the antibodies on cyclin D1- 
Sepharose beads, but not on cyclin A or control [bovine 
serum albumin (BSA)] beads, completely abolished the 

inhibition of entry into S-phase (Fig 6B). 

We compared the inhibitory effects of anti-cyclin A 

and D1 antibody microinjections at different times dur- 

ing G~ (Fig. 7). It has been shown previously that anti- 
bodies to cyclin A or Cdk2 prevent DNA synthesis when 

injected at any time during G~, until just before the start 

of DNA synthesis (Pagano et al. 1992b, 1993). We found 

that microinjections in early GI of either cyclin A or 

cyclin D1 antibodies inhibited entry into S-phase. Mi- 

croinjections of anti-cyclin D1 antibodies between 14 
and 16 hr postserum addition were ineffective. Con- 

versely, anti-cyclin A antibodies were still inhibitory at 
those times. By 16 hr, 30% of the cells had already 

started DNA synthesis, yet cyclin A antibody microin- 
jection was fully inhibitory. Therefore, it cannot be ex- 
cluded that cyclin A plays a role in the elongation steps 

of DNA synthesis, as opposed to being required for ini- 
tiation. Taken together, these results allow us to con- 

clude that in human fibroblasts, cyclin D 1 is required for 
progression through G 1 and acts at an earlier point in the 
cell cycle than cyclin A. 

Discussion 

In this paper we have shown that human lung fibroblasts 
express cyclin D1 as their sole D cyclin. The cyclin D1 

level was low in quiescent cells and it increased as cells 

progressed into G1. In S-phase, the accumulation of the 
protein decreased. By immunofluorescence, the protein 

was found to be localized in the nucleus and to disappear 
during S-phase. Microinjection of antisense plasmids or 
antibodies to cyclin D1 caused cells to arrest prior to 

S-phase. Time-course experiments showed that cyclin 
D 1 acts at an earlier point in the cell cycle than cyclin A. 

Several findingshave suggested that cyclin D1 is play- 
ing a role in the G1/S transition of the cell cycle. Cyclin 
D1 was isolated as the product of a gene transcribed late 
in G1, upon stimulation of quiescent cells (Matsushime 

et al. 19911. It was identified through a yeast screen for 
G1 cyclins on the basis of the complementation of a tri- 
ple defect in the S. cerevisiae CLNcyclins (Xiong et al. 
1991). It was also shown that during G~, cyclin D1 is 

phosphorylated and associated with a Cdc2-related Mr 

34,000 protein (Matsushime et al. 1991). The results de- 
scribed in this paper therefore demonstrate that cyclin 
D1 is required for cell cycle progression in G1. What 

could the cyclin D1 targets in G1 be? Matsushime et al. 
(1992) have shown that cyclins D1, D2, and D3 associate 
with the PSK-J3 (Cdk4) protein kinase in mouse cells. 

The cyclin D-Cdk4 complexes assembled in vitro phos- 
phorylate pRb and p107 in vitro. It has therefore been 
suggested that in G~ the D1 cyclins activate cell cycle 
progression by phosphorylating negative-growth regula- 
tors. Hinds et al. (1992)found that transient transfection 
of cyclin D1 in cells arrested by overexpression of pRb 
partially rescued those cells, without inducing pRB phos- 
phorylation. These investigators suggest that a physical 
interaction between pRb and cyclin D 1 might inhibit the 
pRb-mediated cell cycle block. 

Our experiments also address the issue of the regula- 

tion of G~-cyclin inactivation. We suggest that the ex- 

clusion of cyclin D1 from the nucleus and/or its degra- 
dation are required for progression into S-phase. This 

could explain why it has been difficult to obtain stable 

clonal cell lines overexpressing D cyclins (C. Sherr, D. 

Beach, and S. Friend, pers. comm.). We microinjected 

cyclin D 1-encoding plasmids into quiescent cells and 

found that those cells expressed high levels of cyclin D 1 

and were unable to reenter the cell cycle upon the addi- 

tion of serum (V. Baldin and G. Draetta, unpubl.). These 

effects might be due to the fact that cyclin D1 overex- 

pression exceeds the capacity of a proteolytic system re- 

sponsible for degrading the protein at the end of G1 or of 
a system responsible for the exclusion of the protein 

from the nucleus, if any. Matsushime et al. (1992) found 
that in late G1, cyclin D1 is turned over rapidly, with a 
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Figure 5. Cyclin D1 antibody and antisense plasmid microinjection in human fibroblasts. Microinjections were performed 8 hr after 
the addition of serum. BrdU was added at the same time, and cells were incubated for an additional 16 hr. Cells were then fixed and 
stained. {A,D,G) Hoechst staining; (B,E,H] BrdU detection; (C,F,I) detection of injected cells with Texas red-conjugated goat anti-rabbit 
antibodies. IA-C) Cells injected with affinity-purified anti-cyclin D1 antibodies~ (D-F) cells injected with both antisense cyclin D 1 and 
purified normal rabbit antibodies; {G-II cells injected with both control plasmid and purified normal rabbit antibodies. (J-L) cells 
microinjected with antisense D1 plasmid and with control mouse immunoglobulins just before serum addition and fixed/stained 16 
hr after. (J) Hoechst staining; {K) cyclin D1 detection; IL) detection of injected cells by staining with FITC-conjugated anti-mouse 

antibodies. 
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together these findings suggest that the nuclear exclu- 

sion of cyclin D 1 or its degradation, or both, are required 

for progression through S-phase. 

How then could we explain the overexpression of cy- 

clin D1 in many tumors? In all overexpressing cell lines 

tested there was no evidence that the cyclin D 1 mRNAs 

contained mutations in the protein-coding region (G. Pe- 

ters, pers. comm.). We propose that overexpression of 

cyclin D 1 driven by an heterologous promoter region re- 
lieves the tumor cell from an upstream control and 

therefore gives a growth advantage to the cell. However, 

cyclin D1 overexpression needs to be finely balanced to 

avoid saturating the degradation machinery. The in- 

creased levels of cyclin D 1 in different tumor cell lines, 
with one or two exceptions, never dramatically exceeds 

the levels detected in normal fibroblasts, even in those 

cell lines that show large increases in the cyclin D1 

mRNA (J. Lukas, M. Pagano, J. Bartek, and G. Draetta, in 

prep.; Lammie et al. 1991). 

Our data suggest that cyclin D1 is regulated in a cell 

cycle-dependent manner. By sequence comparison with 

other known cyclins, it is clear that D cyclins lack the 

amino-terminal domain shown to be essential for ubiq- 

uitin-mediated degradation (Glotzer et al. 1990). Further 
studies should be attempted to determine the nature of 

the signals that trigger cyclin D 1 degradation and its dis- 

appearance from the nucleus, as well as the dependence 
of these effects on the interaction of cyclin D1 with 

members of the Cdk family. 

Figure 6. Time course of microinjection. (A) Cells 100-120 
were injected per each experimental point. BrdU was added at 
the time of injection. The three columns represent injections at 
0 (strippled bar), 8 (hatched bar), and 16 hr (shaded bar) postse- 
rum addition, respectively. BrdU-positive cells (%) were calcu- 
lated as the ratio of injected BrdU-positive cells to BrdU-positive 
surrounding cells x 100. The results are the mean (_+s.E.) of 
three independent experiments. (B) Specificity of cyclin D1 an- 
tibodies. Affinity-purified anti-cyclin D1 antibodies (2 mg/ml) 
were incubated for 2 hr with either cyclin Dl-Sepharose, cyclin 
A-Sepharose, or BSA-Sepharose. This was repeated twice, and 
the final supernatant was used for microinjection. Cells were 
fixed and stained 24 hr postserum addition. The results are the 
mean (+-_s.L) of two independent experiments. 

Mater ia l s  and m e t h o d s  

Cell culture and synchronization 

Human diploid lung fibroblasts (IMR-90), obtained from the 
American Type Culture Collection, were cultured for no longer 
than seven passages in Dulbecco's modified Eagle medium 
{DMEM) supplemented with 10% heat-inactivated fetal calf se- 
rum (FCS), 2 mM glutamine, penicillin (100 U/mll, and strepto- 

half-life of ~<20 min. In preliminary experiments, we 

found that when cells were arrested in S-phase using 

DNA synthesis inhibitors, the level of cyclin D1 was 

reduced severely (V. Baldin and J. Lukas, unpubl.). Re- 

cent experiments have shown that in human fibroblasts, 

cyclin D1 interacts with PCNA, one of the factors re- 

quired for the initiation of DNA replication (Xiong and 

Beach 1992). The interaction with cyclin D1 might pre- 

vent PCNA from binding to the initiation complex. A1- 

Figure 7. Anti-cyclin A and anti-cyclin D1 antibody microin- 
jections. Cells were injected with affinity-purified, anti-cyclin 
D1 [hatched barl, affinity-purified anti-cyclin A (strippled bar), 
or purified normal rabbit antibodies (shaded bar) at the times 
indicated after serum addition. BrdU was added at the time of 
injection. Values were calculated as in Fig. 6A and are the mean 
[--+s.L) of three independent experiments. 
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mycin (100 ~g/ml), in a humidified atmosphere containing 5% 

CO 2 at 37~ Cells were arrested in G o by incubating them for 

3 days in DMEM without serum. They were stimulated to re- 

enter the cell cycle by adding 20% FCS. Cell cycle progression 

was monitored by measuring BrdU incorporation (see Immuno- 
fluorescence, below). For [3SS]methionine labeling, cells were 

preincubated for 30 rain in methionine-free DMEM (GIBCO) 
supplemented with dialyzed FCS (GIBCO), followed by the ad- 

dition of [3SS]methionine (1000 Ci/mmole; Amersham) to a fi- 

nal concentration of 250 ~Ci/ml for 2 hr. 

Construction of sense and antisense cyclin D1 plasmids 
.,~ 

The full-length eDNA coding for human cyclin D1 was sub- 

cloned from the pGEX-D11 vector (kindly provided by D. Beach, 
Cold Spring Harbor Laboratory) in which a 1-kb human cyclin 

D1 eDNA (Xiong et al. 1991) had been cloned into NcoI-HindlII 

sites of pGEX-KG (Guan and Dixon 1990). To obtain sense cy- 
clin D 1 plasmifl, the eDNA was excised from the parental plas- 

mid by a double digestion with EcoRI and HindIII and subcloned 

in a DNA expression vector, driven by the cytornegalovirus 

(CMV) promoter [pX vector; Superti-Furga et al. 1991), digested 

with the same enzymes. Antisense cyclin D1 plasmid was ob- 

tained by subcloning the cyclin D1 insert in a pXnv vector 
[modified pX vector; V. Baldin and G. Draetta, unpubl.) digested 

with HindIII-EcoRI. These constructs were transformed into 
Escherichia coli DH5a. For microinjections, plasmids were pu- 
rified by cesium chloride centrifugation. 

Antibody production and purification 

Human cyclin D1 protein was produced from the bacterial 
strain BL21{DE3) using a pET-cyclin D1 expression vector [a 

gift of D. Beach). After isopropyl [~-D-thiogalactoside (IPTG) in- 

duction for 4 hr, (1 mM final concentration), cyclin D1 was 

extracted from the insoluble inclusion bodies with 8 M urea and 

successively dialyzed into 4 M, 2 M, 1 M urea and, finally, into 
buffer A [100 mM Tris-HC1 (pH 8), 1 mM DTT, 5 mM MgC12, 1 
mM EDTA, 200 mM NaC1]. Cyclin D1 was then purified on a 

Mono-Q column (Pharmacia), eluted at 400-500 mM NaC1, and 

dialyzed into phosphate-buffered saline (PBS). Rabbits were in- 

jected with 0.5 mg of purified cyclin D1 in complete Freund's 
adjuvant. Subsequently, they were injected with the same 
amount of protein in incomplete Freund's adjuvant every 2 
weeks until a significant immune signal was detected by im- 
munoblot on total cell extracts. The resulting polyclonal antise- 

rum was affinity purified using purified cyclin D1 covalently 
coupled to CNBr-activated Sepharose 4B; 5 ml of immune se- 

rum was incubated batch-wise with 3 ml of cyclin D i-Sepha- 
rose pre-equilibrated with 50 mM Tris-HC1 (pH 7.4), 150 mM 
NAG1, and 0.1% Triton X-100. After overnight incubation at 

4~ the Sepharose beads were poured into a column and washed 

with equilibration buffer. Ten milliliters of glycine-HC1 at pH 

2.3 (0.1 M L in 500 ~1 aliquots, was applied to elute the antibod- 

ies. Fractions were neutralized with 50 ~1 of 1 M Tris-HC1 (pH 

9.5). Fractions containing pure immunoglobulins were mixed, 

and the protein concentration was determined. The preparation 

and characterization of the anti-cyclin A antibodies have been 

described previously [Pagano et al. 1992b). For microinjection 

experiments, the antibodies were concentrated by centrifuga- 

tion using Centricon 10 tubes (Amicon). 

Immunoblotting and immunoprecipitation 

Whole-cell lysates were obtained by lysing cells, 30 rain at 4~ 

in the following buffer: 50 mM Tris-HCl (pH 7.51, 250 mM NaC1, 

0.1% Triton X-100, 5 mM EDTA, 50 mM NaF, 0.1 mM sodium 

orthovanadate, 0.1 mM phenylmethylsulfonyl fluoride, 1 ~g/ml 

of leupeptin, 10 ~g/ml of soybean trypsin inhibitor, 10 ~g/ml of 

tosyl phenylalanine chloromethyl ketone, 10 ~g/ml of tosyl 

amido phenyl butanol, and 1 ~g/ml of aprotinin. For immuno- 

blotting, 100 ~g of total protein was loaded per lane. Proteins 
were analyzed by gel electrophoresis on SDS-12.5% polyacryl- 

amide gels and transferred to nitrocellulose by semidry blotting, 

as described by Harlow and Lane (19881. Filters were probed 
using affinity-purified antibodies as described in Pagano et al. 

(1992a). Immunoprecipitations were performed as described by 
Schindler et al. [1992). 

Partial proteolytic mapping of cyclin DI 

[3sS]Methionine cell extracts [2 mg) or in vitro-translated hu- 

man cyclin D 1 [made in rabbit reticulocyte lysate according to 

Ducommun et al. (1991)] were immunoprecipitated with anti- 

cyclin D1 antibodies and subjected to SDS-PAGE electrophore- 

sis. The 35-kD bands corresponding to cyclin D1 were located 

by autoradiography, excised, and subjected to limited proteoly- 

sis with Staphylococcus aureus V8-protease as described by 

Cleveland et al. [1977). In brief, bands were placed in the sample 

wells of a 15% SDS gel and overlayed with VS-protease (10 or 
100 ng). Digestion proceeded in the stacking gel during electro- 
phoresis. 

Immunofluorescence 

Cells growing on glass coverslips were washed once with PBS, 

fixed for 5 min at room temperature with 100% cold methanol, 

and permeabilized with 0.25% Triton X-100 in PBS for 5 min at 

room temperature. Fixed and permeabilized cells were incu- 

bated for 1 hr at 37~ in a humidified atmosphere with affinity- 

purified polyclonal or monoclonal anti-cyclin D1 antibodies (di- 

lution 1 : 250 and 1 : 50, respectivelyl. They were then washed 

three times with 0.5% BSA in PBS and incubated for 30 min 

with Texas red-conjugated goat anti-rabbit antibodies (dilution 
1 : 200; Amersham, UK) or anti-mouse biotinylated antibodies 

(dilution 1 : 100; Vector Laboratoriesl. For cyclin D1 detection 

with the monoclonal antibody, a third incubation with fluores- 
cein-conjugated streptavidin (dilution 1 : 100; Vector Laborato- 
riesl was done. Coverslips were washed once with 0.5% BSA in 
PBS, twice with PBS, and finally incubated for 5 min at room 

temperature with a 1-~g/ml solution of Hoechst dye 33258 
(Sigma) in PBS. After three additional washes with PBS, cover- 
slips were mounted on glass slides with Mowiol, and examined 

on a Zeiss Axiophot microscope using a Neofluar 63 x lens. 
Photographs were taken on Fuji P1600 film. For BrdU staining, 

cells were fixed, permeabilized, and incubated with the appro- 
priate antibody as described above. They were then washed with 

PBS and incubated for 10 min at room temperature in 1.5 M HC1. 

After three washes with PBS cells were incubated for 30 min 

with monoclonal anti-BrdU (dilution 1:100;  Partec). After 

three washes with 0.5% BSA in PBS, cells were incubated for 30 
min with fluorescein-conjugated anti-mouse antibodies (dilu- 

tion 1 : 100; Sigma), washed, and mounted with Mowiol. 

Microinjection experiments 

Affinity-purified antibodies (anti-cyclin D1 or anti-cyclin A; 2 

mg/ml), a plasmid carrying full-length cyclin D1 antisense 

eDNA (100 ng/ml), and a control vector (without any eDNA; 

100 ng/ml) or control marker (purified rabbit antibodies; 2 rag/ 

ml) were microinjected into the cytoplasm or the nucleus of 

cells using an Eppendorf micromanipulator and microinjeetor 
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{AIS, Zeiss] (Ansorge and Pepperkok 1988; Pepperkok et al. 

1988b, 1990). Using this system the percentage of successfully 
mieroinjected cells was >90% for cytoplasmic and 85% for nu- 
clear microinjections (Pepperkok et al. 1988a). Immediately af- 
ter injection the growth medium was supplemented with BrdU 
{Sigma) at the final concentration of 100 ~M. Cells were fixed 24 
hr after serum addition. Immunofluorescence processing with 
anti-BrdU or anti-rabbit antibodies was performed as described 
above. 
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