
Cyclin-Dependent Regulation of G, 
in Mammalian Fibroblasts 

of constitutively overexpressing a candidate 
human G, cyclin, cyclin E (1 0, 1 I), in 
Rat-1 fibroblasts and primary human dip- 
loid fibroblasts. 

Motoaki Ohtsubo and James M. Roberts A human cyclin E cDNA was cloned 
into a retroviral expression vector, LXSN 

Eukaryotic cells become committed to proliferate during the G, phase of the cell cycle. In (12), that uses the 5' long terminal repeat 
budding yeast, commitment occurs when the catalytic subunit of a protein kinase, encoded of Molony murine sarcoma virus to express 
by the CDC28 gene (the homolog of the fission yeast cdc2+ gene), binds to a positively the inserted cDNA and contains the neo- 
acting regulatory subunit, a cyclin. Related kinases are also required for progression mycin phosphotransferase gene (G418 re- 
through the G, phase in higher eukaryotes. The role of cyclins in controlling G, progression sistance) as a selectable marker. Rat-1 and 
in mammalian cells was tested by construction of fibroblasts that constitutively overexpress primary human foreskin fibroblasts (passage 
human cyclin E. This was found to shorten the duration of GI, decrease cell size, and six, designated T-6) were infected with 
diminish the serum requirement for the transition from G, to S phase. These observations LXSN and LXSN-cyclin E and pools of 
show that cyclin levels can be rate-limiting for G, progression in mammalian cells and over ten thousand transformants selected by 
suggest that cyclin synthesis may be the target of physiological signals that control cell growth for 2 weeks in G418. For the anal- 
proliferation. yses described below, we generated ten 

independent pools of Rat-1 cells and six 
independent pools of primary human fibro- 
blasts infected with LXSN and LXSN- 

T h e  proliferation of all eukaryotic cells is and the onset of DNA replication (5) .  cyclin E. All experiments were performed 
primarily regulated by a decision that occurs CDKs are activated as a consequence of on at least two independent pools and 
during the G, phase of the cell cyc l e to  binding to a cyclin (6, 7), and in budding usually on all pools. 
remain in the cell cycle and divide or to yeast accumulation of cyclins during G, is At least two forms of the endogenous 
withdraw from the cell cycle and adopt an rate-limiting for execution of Start (3, 8). cyclin E protein were detected in exponen- 
alternative cell fate (I). In budding yeast Mutations that stabilize the G, cyclins, or tially proliferating control fibroblasts, at 50 
this decision, called Start, is the physiolog- overexpression of G, cyclins, decrease the and 55 kD (Fig. 1A). The 50-kD form is 
ical process whereby specific extracellular duration of G, and result in small cell size maximally expressed during late G, and 
and intracellular signals combine to pro- during exponential growth (8). Moreover, early S phase (10) and is induced during 
mote either cell cycle progression or cell at least some factors that regulate Start may mitogenic activation of primary human T 
cycle arrest and preparation for conjugation do so by controlling the synthesis or activity lymphocytes (1 3). Cells infected with 
(2, 3). Completion of Start, which is fol- of the G, cyclins (3, 9). It is critical, LXSN-cyclin E exhibited increased expres- 
lowed by the execution of S phase, commits therefore, to determine the extent to which sion of only the 50-kD cyclin E protein. 
the yeast cell to complete the remainder of the complex physiological controls on G, Overexpression of the 50-kD cyclin E pro- 
the cell division cycle. Proliferation of progression in higher eukaryotes might also tein suppressed expression of the endoge- 
mammalian fibroblasts also is regulated by be mediated by expression of cyclins. Ac- nous 55-kD form. The 50-kD overexpressed 
mitogenic signals during the G, phase of cordingly, we examined the consequences protein corresponded to the predicted mo- 
the cell cycle, and cells can switch between 
quiescence and proliferation at a unique 
point in G, (1). Once a cell passes this Fig. 1. Constitutive overexpression of human A B 
point it will complete the cell cycle even if cyclin E in mammalian fibroblasts. (A) Expres- 1 2 3 4  sion of human cyclin E. We determined the 106- -- 1 2 3 4  . = -- ?. 
mitogenic signals are removed. Thus, tran- presence of cyclin E in total protein from 2 x 

80- 
.C 1 

sit through the point commits 10, cells by immunoblotting with affinity-puri- 
the cell to complete the remainder of the fied antibodies to cyclin E (10). Immunoreac- -- 1 C~ - 3 - 9  
cell cycle and in this sense appears P ~ Y S ~ O -  tive proteins were detected by enhanced M- . 
logically analogous to Start. The factors chemiluminescence (ECL) (Amersham). Expo- r w ? 5 w ? i w  
that regulate proliferation of yeast, howev- nentially growing Rat-1 fibroblasts (lanes 1 and i - 
er, such as nutrients, mating pheromones, 2) and primary human foreskin fibroblasts * 

and cell size, contrast with the central role (lanes 3 and 4) were infected with (lanes 

played by mitogenic serum growth factors in and 3) Or LXSN-cyclin (lanes and 4). - 
multicellular higher eukaryotes (1, 2, 4). Positions of two different forms of cyclin E are 

indicated by arrowheads. Molecular size markers are indicated on the left (in kilodaltons). The 
Thus' a question is whether expression and activity of cyclin E in cells transfected with LXSN was indistinguishable from that of 

events those cells that had not been transfected. (B) Cyclin E-associated histone H1 kinase activity. Lysates (200 
ring at Start have a prominent in PI) from 2 x lo6 cells were incubated with rabbit antiserum specific to cyclin E (2 PI) for 60 min on 
controlling GI progression in higher eu- ice. lmmunoprecipitates were collected on protein ASepharose, washed, and tested for HI  kinase 
karyotes. Experiments in a number of mod- activity (10). Exponentially growing Rat-1 fibroblasts (lanes 1 and 2) and human fibroblasts (lanes 
el systems support the idea that, like yeast, 3 and 4) were infected with LXSN (lanes 1 and 3) or WSN-cyclin E (lanes 2 and 4). The position of 
higher eukaryotes require a cyclin-depen- histone H I  is indicated by an arrowhead. (C) Expression and activity of cyclin E during the cell 

dent kina= (CDK) for completion of G, cycle. Exponentially growing Rat-1 fibroblasts infected with LXSN (LX) and LXSN-cyclin E (E) were 
treated with Nocodazole (0.1 ~g lml )  (15) for 5 hours, and mitotic cells were collected by gentle 
pipetting. More than 98% of the harvested cells were mitotic. Cells were washed with Dulbecco's 

M. Ohtsubo, Department of Basic Sciences, Fred modified Eagle's medium (DMEM) and plated at 5 x lo5 cells per 100-mm dish with DMEM plus calf 
Hutchinson Cancer Research Center. Seattle. WA serum (10%). Samples were prepared after 0, 3, or 9 hours, as indicated, for both protein 
98104. 
J. M. Roberts. Department of Basic Sciences. Fred immunoblotting and assays of cyclin Eassociated H I  kinase activity. Total protein from to 2 x 1 O5 

Hutchinson Cancer Research Center, WA cells before release was used for protein immunoblotting, and lysates from 5 x lo5 cells were used 
98104, and Department of Biochemistry, University of for the H1 kinase assay. Positions of cyclin E proteins (upper panel) and phosphorylated histone H I  
Washington, Seattle. WA 98145. (lower panel) are indicated by arrowheads. 
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lecular size of human cyclin E and comi- 
grated with human cyclin E produced from 
the same cDNA by a baculoviral vector 
(1 4). In many experiments, overexpression 
of a 40-kD protein was also observed. This 
may have resulted from proteolytic degra- 
dation of the overexpressed cyclin E or from 
translation initiation at an internal methi- 
onine residue. Overexpression of the cyclin 
E protein resulted in a three- to fivefold 
increase in the amount of cvclin E-associ- 
ated histone H1 kinase activity in exponen- 
tially growing Rat-1 fibroblasts and human 
fibroblasts (Fig. 1B). 

In control cells, activity of the cyclin 
E-associated kinase was cell cycledepen- 
dent (Fig. 1C). The three- to fivefold fluc- 
tuation in cyclin E-associated kinase activ- 
ity during the cell cycle of Rat-1 cells was 
similar to that observed in MANCA cells, a 
human lymphoblastoid cell line (10). In 
cells infected with LXSN-cyclin E, the 
cyclin E-associated kinase was relatively 
independent of the cell cycle; there was a 
high kinase activity in metaphase cells that 
persisted in G,  and S phase cells. In both 
control cells and cells infected with LXSN- 
cyclin E, the amount of cyclin E protein 
reflected the amount of cyclin E-associated 
kinase activity (Fig. lC), with one possible 
exception. In metaphase cells, relatively 
less cvclin E ~rote in  was detected. but the 
cyclin E-associated kinase activity was 
high. The cyclin E protein in these cells 
showed a slightly decreased electrophoretic 
mobility and appeared more heterogeneous 
in molecular size, features that might be 
indicative of posttranslational modifica- 
tion. At 3 hours after release from meta- 
phase arrest (1 5 ) ,  cells constitutively ex- 
pressing cyclin E contained high amounts of 
cyclin E-associated kinase activity; howev- 
er, S phase did not begin for another 2 to 3 
hours (Fig. 2B). Therefore, increased 
amounts of cyclin E and cyclin E-associated 
kinase were not sufficient to initiate DNA 
replication. 

We determined the effect of constitutive 
cyclin E expression on the distribution of 
cells in the cell cycle (Fig. 2A). Cell 
populations constitutively expressing cyclin 
E showed a decreased number of cells in G I  
and an increased number in S ~hase .  This 
change in cell cycle distribution is consis- 
tent with accelerated transit through G I  
and is similar to the phenotype resulting 
from moderate overexpression of GI  cyclins 
in budding yeast (8). We used two methods 
to demonstrate directly that this change in 
cell cycle distribution was due, in part, to a 
decrease in the duration of G,. We mea- 
sured the time between mitosis and the start 
of S phase in synchronized Rat-1 cells (Fig. 
2B). In four separate experiments, the du- 
ration of G I  was on average 3 hours (33%) 
shorter in cells infected with LXSN-cyclin 

E than in control cells. Analogous experi- used the method of labeled mitoses (1 6) 
ments with T-6 human fibroblasts also (Fig. 2C), which determines the length of 
showed that the duration of G I  in cells each phase of the cell cycle in asynchro- 
infected with LXSN-cyclin E was about 4 nous, proliferating cell populations without 
hours shorter than in control cells. We also the use of synchronizing agents. This con- 
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Fig. 2. Effect of constitutive cyclin E expression on cell cycle kinetics. (A) Flow cytometric analysis. 
Cells infected with USN (Control) and USN-cyclin E (Cyclin E) were plated at 5 x l o 5  cells per 
100-mm dish with calf serum (10%). Two days later, cells were collected by trypsinization, fixed, and 
stained. Cells (10" in a propidium iodide solution (0.5 ml) were analyzed by FACScan with LYSYS 
II software (Becton Dickinson). The percentage of cells in each phase of the cell cycle was 
determined with Multicycle software (Phoenix Flow Systems). Histograms show relative DNA 
content (x-axis) and cell number (y-axis). Flow-cytometric analysis was performed on ten indepen- 
dent pools of Rat-1 cells and six independent pools of primary human fibroblasts infected with USN 
and USN-cyclin E. Fifty-five independent analyses were performed, and results similar to those 
depicted were observed 41 times (41155 = 75%). In no case did the control cells show a decline 
in the G, fraction relative to the cells overexpressing cyclin E (0151 = 0%). (B) Length of G, in 
synchronized cells. Mitotic cells were prepared as in Fig. 1C and plated at 5 x l o4  cells per 35-mm 
dish in DMEM containing calf serum (10%). Bromodeoxyuridine (BrdU) was added at 0 hours, and 
samples were stained with peroxidase-conjugated antibodies to BrdU (Amersham) at each time 
point. The percentage of cells that were labeled was plotted versus time. At least 500 cells were 
counted at each time point. At time points corresponding to early S phase, the labeling intensity of 
cells overexpressing cyclin E was noticeably lower than control cells. This may have reflected a 
slower rate of progression through S phase (Fig. 2C). (C) Frequency of labeled mitoses. 
Asynchronous Rat-1 cells were labeled with tritiated thymidine for 30 min, and the percentage of 
labeled metaphases was scored at regular intervals (16). The percentage of metaphases labeled 
by tritiated thymidine were plotted versus time. One hundred metaphase cells were counted at each 
time point. Four hundred metaphase cells were counted at the final time point. At the two hour time 
point, the labeling index was 54% for control cells and 68% for cells overexpressing cyclin E. The 
mitotic index was 3% for both cell populations. Numerous factors probably contributed to the 
differences in the G, lengths as measured by the methods described in Fig. 2, A to C (30). (D) 
Population doubling times. Triplicate cultures of control cells and cells infected with USN-cyclin E 
were cultured in DMEM containing the indicated concentrations of calf serum; live cells were counted 
at daily intervals. Mean values of the triplicates with standard errors are plotted versus time. The 
population doubling times were 18 hours for Rat-1 fibroblasts and 26.4 hours for human fibroblasts 
growing in 10% serum. Overexpression of cyclin E had no effect on population doubling times. 
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Rg. 3. Effect of constitu- A = ,,"s,, 
the amount of the G, cyclins as a molecular 

tive expression of cyclin Highdensity 
measure of cell size because CLN (G, cy- 

E on cell size. (A) Mea- clin) overexpression promotes early entry 
surement of cell size in into S phase and decreases cell size (3, 8). 
exponentially proliferat- 
ing human fibroblasts. Therefore, we determined the effect of cells 

FSC (size) for the G, cell I overexpressing cyclin E on the size of mam- 
population is shown. The Celt size 

malian fibroblasts. We used the flow cyto- 
relative change in diameter as a consequence of c T-6 metric parameter of forward angle light 
cyclin E overexpression is 10%. which is approx- scatter (FSC) to measure cell volume (20) 
imately equivalent to a 30% change in volume. and found that constitutive expression of 
Cells were plated at 5 x 1 O5 cells per 100-mm cyclin E caused primary human fibroblasts 
dish with DMEM plus calf serum (10%) and to exit GI with a volume that was 30% 
collected 2 days later by trypsinization, fixed. smaller than that of control cells (Fig. 3A). 
and then stained as described in Fig. 2A. Anal- 
ysis by FACScan (for FSC) was as described in 

Although cells overexpressing cyclin E were 

Fig. 2A. Equivalent results were obtained with smaller than control cells at all stages of the 
either ethanol-fixed or living cells. Histograms cell cycle, the relative effect was greater in 
show FSC (x-axis) and cell number (y-axis). (6) GI cells than in G, cells. Furthermore, the 
Size of Rat-1 cells in low- and high-density amount of protein per cell in an asynchro- 
cultures. Cells were plated at 5 x lo5 cells per nous population was decreased by about 
100-mm dish in DMEM plus calf serum (lo%), 30% (2 1). Cells overexpressing cyclin E 
collected at days 2 and 4, and analyzed as were smaller than control cells even though 
described. The cultures were almost confluent after 4 days and were less than 50% confluent after the population doubling time for the two 
2 days. The difference in cell size between control and cyclin E-expressing cells was determined cell types was the same. nis implies that 
for samples after 2 days (low density) and 4 days (high density). (C) Control and cyclin fibroblasts have a mechanism for adjusting E-expressing cells were plated at 5 x lo5  cells per 100-mm dish with DMEM containing calf serum 
(10%); after 4 days (Rat-1 fibroblasts) or 7 days (human fibroblasts), photomicrographs were taken. size that is the level of '1 

Magnification, x 160. cyclins and that cell size is not simply a 
correlate of cell cycle length. 

During exponential growth, Rat-1 cells 
firmed that cells constitutively expressing sion of cyclin E decreased cell size through- overexpressing cyclin E were 10 to 25% 
cyclin E had a GI considerably shorter than out the cell cycle, which is inconsistent smaller than control cells; these differences 
that of control cells and, therefore, implied with the idea that alteration in GI length were not as large as those observed with 
that cyclin accumulation can be rate-limit- may be a secondary consequence of an primary human fibroblasts. At high cell 
ing for transit through GI. This analysis extended growth period in S and G,. Also, densities, however, overexpression of cy- 
also showed that the total length of the cell overexpression of cyclin E altered the serum clin E typically caused a 30% decrease in 
cycle was not changed by overexpression of requirement for the GI to S transition, volume relative to control cells (Fig. 3, B 
cyclin E (Fig. 2C). This was attributable to which indicates a direct effect of cyclin E on and C). The volume of control Rat- 1 fibro- 
a shortening of GI in combination with a GI control. blasts also diminished as the cell density 
lengthening of both S and G, relative to Both budding and fission yeast coordi- increased. This may reflect increased com- 
control cells. We found that, consistent nate cell growth with cell division by re- petition for nutrients or serum growth fac- 
with these observations, the population stricting the frequency of DNA replication tors, or both. An analogous phenomenon 
doubling time of control Rat-1 cells and to approximately once per mass doubling has been described in budding and fission 
T-6 human fibroblasts was very similar to (2, 19). This is accomplished by the re- yeast, in which a decrease in the critical 
that of cells constitutively expressing cyclin quirement that cells attain a critical size in cell size for completion of Start occurs in 
E (Fig. 2D). order to complete Start. Yeast appear to use response to nutrient limitation (1 9). Our 

These observations raise questions about 
the cause and effect relation between the 
shortened GI and the lengthened S + G, in 
cells overexpressing cyclin E. We consider 
it most likely that the primary effect of 
cyclin E overexpression was to shorten G, 
and suggest that, as a consequence, cells 
entered S phase with suboptimal amounts ~Contml 1 x cs 
of one or more factors that are necessary for dyclin E 1 % cs 
bringing about DNA replication and mito- acontml 0.1% cs 

Acyctim E 0.1 % cs 
sis at normal rates. Overexpression of GI 
cyclins in budding yeast also appears to 10 20 30 40 

cause secondary delays in S or G, (1 7). On Time (hours) 

the other hand, the primary effect of cyclin Fig. 4. Effect of constitutive expression of cyclin 

E may be to delay S and G,, possibly by Eon cell growth in low concentrations of serum. 

inhibiting the S and G, cyclins. Thus, the GI: 84% GI: 64% (A) DNA content. Cells plated at 5 x lo5  cells 

shortened GI could have been a conse- 
quence of the increased time available for 
cell growth in the previous cell cycle (1, 18, (B) G, length. Mitotic cells prepared as de- 
19)- The results of other experiments i d -  scribed in Fig. 1C were washed with phosphate-buffered saline and then plated at 5 x l o4  cells per 
cated that this latter mechanism is unlikely 35-mm dish in DMEM containing calf serum (1 or 0.1%). G, length was analyzed as described in 
to explain the shortened G,: Overexpres- Fig. 28. At least 500 cells were counted at each time point. 
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data suggest that this response was exagger- 
ated in Rat-1 cells overexpressing cyclin E. 
The saturation density of Rat-1 and human 
fibroblasts overexpressing cyclin E was 30 to 
40% greater than that of control cells (Fig. 
3C). This change may be related to the 
effect of cyclin E on cell size and, to a lesser 
degree, the ability of these cells to continue 
to proliferate in diminished levels of serum 
growth factors. 

To test whether the mitogenic effects of 
serum growth factors are mediated, at least 
in part, by cyclin accumulation, we deter- 
mined the effect of constitutive cyclin E 
exvression on cell ~roliferation that oc- 
curred in the presence of decreased concen- 
trations of serum. Cells growing in medium 
supplemented with 10% calf serum were 
transferred to 0.1% calf serum for 48 hours, 
and the distribution of cells within the cell 
cycle was measured by flow cytometry (Fig. 
4A). After 48 hours in 0.1% serum, both 
Rat-1 and primary human fibroblasts exhib- 
ited a large decrease in the percentage of 
cells in S phase and an increase in the 
fraction of cells in GI ,  relative to cells 
grown in 10% serum (Figs. 2A and 4A). In 
contrast, overexpression of cyclin E resulted 
in a smaller decline in the percentage of 
cells in S phase in response to low serum 
concentrations. The length of G, was then 
measured in the first cell cycle after Rat-1 
cells were transferred from 10 to 1 or 0.1% 
serum. Cells constitutively expressing cy- 
clin E showed a 6-hour increase in the 
median length of G I  (the point at which 
50% of nuclei are labeled) when switched 
from 10 to 0.1% serum-from 8 to 14 hours 
(Fig. 4B). In contrast, the median length of 
G I  for the control cells increased by 12 
hours-from 11 hours in 10% serum to 23 
hours in 0.1% serum. Taken together, 
these experiments show that overexpression 
of cyclin E partially reversed the delay in G, 
im~osed in the first cell cvcle after serum 
wiihdrawal and suggest that cyclin accumu- 
lation, under these conditions, might be a 
limiting event controlled by serum growth 
factors. 

Although cells overexpressing cyclin E 
showed a reduced delay in the first cell cycle 
after serum withdrawal, thev did not con- . , 

tinue to proliferate. As the coficentration 
of serum declined, the population doubling 
time for control cells and cells overexpress- 
ing cyclin E declined equivalently, and in 
0.1% serum essentially no population dou- 
bling~ occurred (Fig. 2D). Therefore, al- 
though a number of parameters related to 
cell cycle regulation are altered, there are a 
number of reasons why cells overexpressing 
cvclin E are not transformed: Thev reauire , . 
serum for prolonged proliferation, they do 
not form foci or grow in soft agar (22), and 
primary human fibroblasts expressing cyclin 
E are not immortalized (23). An increased 

amount of cyclin E may initially suppress 
the serum requirement for G,  transit by 
constitutively activating a ratellimiting se- 
rum-dependent event. However, it may be 
insufficient to maintain requisite amounts 
of other essential proteins whose expression 
remains serum-dependent. 

In addition to the physiological observa- 
tions described above, biochemical evi- 
dence also supports a role for cyclin E in G, 
transit (10, 11, 24, 25). However, the 
ability of elevated and constitutive amounts 
of cyclin E to alter G, regulation does not 
necessarily imply that cyclin E normally 
functions as a G I  cyclin. Constitutive ex- 
pression of some mitotic cyclins can com- 
plement mutations in the budding yeast G I  
cyclins (10, 11, 26), suggesting that over- 
expression may override the specificity of 
cvclin function. We have infected Rat-1 
and human T-6 fibroblasts with retroviruses 
containing cyclins A and B and did not 
observe phenotypic alterations characteris- 
tic of cells infected with cyclin E. These 
experiments may not be directly compara- 
ble because, unlike those with cyclin E, we 
could not reproducibly express cyclins A 
and B in amounts greater than those of 
their endogenous counterparts. Cyclins Dl  
and D2 have been overexpressed in a mouse 
macrophage cell line cell (BAC1.2F5) and 
do not shorten G, or advance commitment 
to S phase (27). Therefore, among the 
cyclins known to be'synthesized during GI ,  
only cyclin E expression has been shown to 
effect cell cycle kinetics. Our experiments 
also did not address whether cyclin E is 
necessary for completing G,. Budding yeast 
cells contain at least three G,  cvclins that. 

L ,  

to a large degree, are functionally redun- 
dant. Human cyclins A, D, E (10, 28), and 
~erhaps C (1 1)  are all synthesized during G,, 
and the possibility of functional overlap 
between these cyclins has not been ad- 
dressed. Furthermore, our experiments have 
focused on progression from mitosis to S 
phase and have not investigated whether the 
rate of transition from quiescence to S phase 
is similarly limited by cyclin abundance. 

In conclusion, our experiments showed 
that cyclin levels can control the rate of 
progression through the G, phase of the 
mammalian cell cvcle. both in standard , . 
growth conditions and in conditions where 
the rate of the cell cycle is restricted by the 
level of serum growth factors. Although 
many proteins are necessary for entry into S 
phase, accumulation of only two proteins, 
Myc (29) and cyclin E, have been shown to 
determine the rate of G, transit. We con- 
clude, therefore, that cyclin accumulation 
may be one of the few rate-limiting events 
in G, progression in mammalian cells, and 
that factors that control commitment to the 
cell cycle, such as those present in serum, 
may do so by controlling cyclin activity. 
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I h e N F - K B transcription factor partici­
pates in the regulation of multiple cellular 
genes involved in the immediate early pro­
cesses of immune, acute phase, and inflam­
matory responses (1). N F - K B has also been 
implicated in the transcriptional activation 
of several viruses, most notably the type 1 
human immunodeficiency virus (HIV-1) 
(2, 3). In resting CD4+ T lymphocytes, 
which serve as a primary cellular target for 
HIV-1, the heterodimeric N F - K B complex 
is sequestered in the cytoplasm as an inac­
tive precursor complexed with an inhibitory 
protein, IKB (iKBa) (4, 5). Expression of 
the active nuclear form of N F - K B , com­
posed of 50- and 65-kD subunits, is post-
translationally induced (1, 6) by various 
stimuli including mitogens such as phorbol 
12-myristate 13-acetate (PMA) (2, 6-8) 
and cytokines including interleukin-1 (IL-
1), IL-2, and tumor necrosis factor-alpha 
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the cell populations is declining. Therefore, the 
result tends to be biased toward the most rapidly 
proliferating cells. 

31. We thank E. Firpo for contributing to our analysis 
of the expression of cyclin E in mammalian cells; 
A. Koff for affinity-purified antibodies to cyclin E; T. 
Norwood for low-passage primary human foreskin 
fibroblasts; D. Miller for help and advice in the 
construction of retroviral vectors expressing cy-
clins; and E. Blackwood for help in studying the 
effects of Myc and Abl on cells overexpressing 
cyclin E. M.O. is a recipient of fellowships from the 
Uehara memorial foundation (Japan) and the Leu­
kemia Society of America. J.R. is a Lucille P. 
Markey scholar in the biomedical sciences and 
was supported in part by grants from the NIH and 
from the Lucille P. Markey Charitable Trust. 

20 November 1992; accepted 25 January 1993 

(TNF-a) (9). These stimulants appear to 
activate N F - K B by inducing the phospho­
rylation and release of IKB (10), thereby 
allowing the rapid translocation of N F - K B 
from the cytoplasm to the nucleus (4, 7, 10, 
11). However, the biochemical mechanism 
underlying the transient nature of N F - K B 
induction remains poorly understood. In 
the present study, an autoregulatory path­
way involving N F - K B induction of its own 
inhibitor is identified. 

To assess the dynamics of IKB protein 
expression occurring during T lymphocyte 
activation, subcellular fractions from hu­
man Jurkat T cells were treated with various 
inducing agents and then subjected to im-
munoblotting (Fig. 1A) and gel retardation 
(Fig. IB) analyses. A 37-kD protein was 
readily detected in cytoplasmic extracts 
from unstimulated cells with peptide anti­
serum raised against the COOH-terminus 
(Fig. 1A) or NH2-terminus (12) of IKBCT 
(previously referred to as MAD-3) (13), a 
member of a growing family of proteins 
known to inhibit N F - K B DNA binding 
activity in vitro (13, 14) and in vivo (15, 
16). This endogenous immunoreactive pro­
tein comigrated with authentic I KBa pres­
ent in COS-7 cells transfected with an ex-

NF-KB Controls Expression of Inhibitor kBa: 
Evidence for an Inducible Autoregulatory Pathway 

Shao-Cong Sun, Parham A. Ganchi, Dean W. Ballard, 
Warner C. Greene* 

The eukaryotic transcription factor nuclear factor-kappa B (NF-KB) participates in many 
parts of the genetic program mediating T lymphocyte activation and growth. Nuclear 
expression of NF-KB occurs after its induced dissociation from its cytoplasmic inhibitor 
kBa. Phorbol ester and tumor necrosis factor-alpha induction of nuclear NF-KB is as­
sociated with both the degradation of preformed kBa and the activation of kBa gene 
expression. Transfection studies indicate that the kBa gene is specifically induced by the 
65-kilodalton transactivating subunit of NF-KB. Association of the newly synthesized kBa 
with p65 restores intracellular inhibition of NF-KB DNA binding activity and prolongs the 
survival of this labile inhibitor. Together, these results show that NF-KB controls the 
expression of kBa by means of an inducible autoregulatory pathway. 


