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ABSTRACT The effect of epidermal growth factor (EGF)
on the synthesis of the nuclear protein cyclin and its relation-
ship with cell proliferation has been studied in human carcino-
ma A431 cells. Quantitative two-dimensional gel electropho-
retic analysis of [35S]methionine-labeled polypeptides from
EGF-treated and untreated A431 cells showed that the synthe-
sis of cyclin (0.07% of total labeled protein) could be decreased
to 20% (<0.01% of total labeled protein) by EGF at a concen-
tration of 100 ng/ml. A good correlation between the effect of
different concentrations of EGF on cyclin synthesis and A431
cell proliferation was found. A431-derived cells resistant to the
growth-inhibitory effect of EGF showed no significant changes
in cyclin synthesis after EGF treatment. Taken together, these
results support the idea that cyclin may be an important pro-
tein that is involved in the control of cell proliferation.

Epidermal growth factor (EGF) is a potent mitogen for a
number of cell types in culture (1), though it inhibits prolif-
eration of A431 human carcinoma cells (2-4). Several studies
have been carried out to establish the possible role of EGF-
stimulated tyrosine-specific protein kinase activity in the in-
hibition of proliferation in these cells (5-7). Even though
growth inhibition is associated with high concentrations of
activated EGF receptor/kinase, the mechanism(s) by which
such activities affect cell proliferation remain unknown. It is
possible that in A431 cells the effect of EGF resides in a
biochemical step subsequent to the EGF-stimulated protein
kinase activity.

Recently, there has been described a transformation-sen-
sitive nuclear protein cyclin (Mr, 36,000), whose synthesis
correlates directly with the proliferative state of the cells (8-
10). This protein is present in very small amounts in normal
nondividing cells or tissues but is synthesized by normal pro-
liferating as well as transformed cells and tumors (11-16).
The levels of cyclin fluctuate during the cell cycle, with a
clear increase in the S phase (17).
Here I present evidence showing that a decrease in the

synthesis of cyclin parallels the EGF-growth inhibitory ef-
fect on A431 cells but not on A431-derived clones resistant
to the growth factor.

METHODS
Cells. Human epidermal carcinoma cells (A431) were kind-

ly provided by G. Todaro. Cells were routinely grown in
Dulbecco's modified Eagle's medium containing 10% fetal
calf serum and antibiotics (penicillin, 100 units/ml; strepto-
mycin, 50 jig/ml).

Labeling of Cells with [35S]Methionine. Cells were grown in
0.25-ml flat-bottomed microtiter plates (Nunc) for at least 24
hr before labeling. They were labeled by replacing the nor-
mal medium with 0.1 ml of Dulbecco's modified Eagle's me-

dium containing methionine at 1 mg/liter and supplemented
with 10% dialyzed fetal calf serum in the presence of 100 uCi
of [35S]methionine (Amersham, SJ204; 1 Ci = 37 GBq) as
described (18, 19).
Two-Dimensional Gel Electrophoresis. The procedures

used are those previously described (18, 20) with some modi-
fications (4). Briefly, the first-dimension separations (iso-
electric focusing, IEF) were performed on 230 x 1.2 mm 4%
(wt/vol) polyacrylamide gels containing 2% ampholytes
(1.6% pH 5-7; 0.4% pH 3.5-10). at 1200 V for 20 hr. The
second-dimension separations were performed in a 15%
polyacrylamide gel (25 x 25 cm) at room temperature over-
night. After the run, gels were processed for fluorography,
dried, and exposed at -70°C (21). Approximately 10 tri-
chloroacetic acid-precipitable cpm was routinely applied on
a gel.

RESULTS
EGF-Induced Changes in the Rate of Synthesis of Cyclin in

A431 Cells. For orientation and reference purposes, Fig. 1
shows the polypeptide pattern of asynchronous whole A431
cells labeled for 20 hr with a mixture of 16 14C-labeled amino
acids. The area containing the polypeptides of interest has
been enclosed in a box. Some major cytoarchitectural poly-
peptides are also indicated.
To determine the effect of EGF on cyclin synthesis, A431

cells were labeled with [35S]methionine for 2-hr intervals ev-
ery 2 hr after the addition of EGF to the culture medium at
100 ng/ml. Representative two-dimensional gels of these
samples are presented in Fig. 2. A decrease in the synthesis
of cyclin (0.07% of total labeled cellular protein) was detect-
ed 2-4 hr after addition of EGF and reached a minimum at
14-16 hr (0.01% of total cellular labeled protein). The syn-
thesis of only a few other polypeptides was affected by EGF,
and of these only IEF6 and -8 are shown on the various gels
presented in Fig. 2. The synthesis of these polypeptides
reached a maximum 8-10 hr after stimulation and remained
constant as long as EGF was present in the culture medium.
The synthesis of cyclin and polypeptides IEF6 and -8 re-
turned to normal 30-36 hr after the growth factor had been
removed from the medium (not shown). One-dimensional
peptide mapping (22-24) of cyclin and polypeptides IEF6
and -8 has unequivocally demonstrated that the latter are not
related to cyclin but are related to each other (not shown).
IEF6 and -8 have not been observed in many cell lines so far
studied.
Decrease in Synthesis of Cyclin Parallels a Decrease in Cell

Proliferation in A431 Cells. Since inhibition of A431 cell pro-
liferation depends on the concentration of EGF used (refs. 2,
3, and 7; see Fig. 3), it was important to determine whether
the relative proportion of cyclin changed with the concentra-
tion of growth factor used. For this purpose, A431 cells were

Abbreviations: EGF, epidermal growth factor; IEF, isoelectric fo-
cusing.
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FIG. 1. Two-dimensional map (IEF) of asynchronous A431 cell
polypeptides labeled for 16 hr with a mixture of 16 14C-labeled amino
acids (Amersham, CBF 104) as previously described (12). Some of
the major cytoarchitectural polypeptides are indicated for reference.
a, Actin; at, a-tubulin; 8t, 3-tubulin. The area within the broken
lines is the fraction of the gels shown in Figs. 2 and 4.

grown for 5 days in the presence of different concentrations
of EGF (1 pg/ml to 100 ng/ml) before labeling with [35S]me-
thionine (20-hr labeling). The quantitative analysis of these
results is illustrated in Fig. 3. Clearly there is a good correla-
tion between the levels of cyclin and A431 cell proliferation
at the different doses of EGF used.

Cyclin Synthesis Is Not Affected in A431 Cells Resistant to
the EGF Growth-Inhibitory Effect. To study further the cor-
relation between cyclin synthesis and A431 cell prolifera-
tion, it was necessary to obtain clones resistant to the growth
inhibitory effect of EGF. For this, parental A431 cells were
treated with the mutagen N-methyl-N'-nitro-N-nitrosoguani-
dine and subsequently cultured in the presence of EGF as
described (5). The effect of different concentrations of EGF
(1 pg/ml to 100 ng/ml) on cell growth and cyclin synthesis of
one of these clones, clone 16, is shown in Fig. 3. Clearly, the
growth properties and cyclin synthesis of clone 16 are not
affected by EGF. That the mutants responded to EGF is
supported by the fact that polypeptides IEF6 and -8 showed
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FIG. 3. Effect of different concentrations of EGF on cyclin syn-
thesis and cell proliferation in A431 cells (e) and clone 16 (o). Data
represent the number of cells present in dishes for each concentra-
tion of EGF compared to control dishes without EGF. The number
of cells in control dishes was taken as 100%. Cells were counted at
day 6. For the analysis of cyclin, cells were grown in the presence of
EGF at the concentrations indicated for 5 days before labeling. Cells
were labeled for 16 hr with [35S]methionine in the presence of EGF.

changes in synthesis very similar to those observed in the
parental A431 cells (see Fig. 4). Similar analysis of other in-
dependent clones resistant to the growth inhibitory effect of
EGF gave very similar results (not shown). Moreover, these
clones exhibited changes in cell morphology and actin distri-
bution similar to those observed in the parental A431 cells
treated with EGF (not shown).

DISCUSSION

The studies presented in this report reveal important
changes in the synthesis of cyclin after EGF treatment of
human tumor A431 cells. EGF induced a decrease in the syn-
thesis of cyclin at doses at which the growth factor inhibits
cell proliferation. The magnitude of these changes is dose
dependent, showing a good correlation with the parameters
studied. For example, at a high dose of EGF (100 ng/ml)
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FIG. 2. Changes in cyclin synthesis induced by EGF. Cells treat-
ed with EGF (100 ng/ml) were labeled for 2 hr with [35S]methionine
at the times indicated (in hr) in each case. Only a small fraction of
the gel is shown (see Fig. 1). The arrowhead indicates a tropomyo-
sin-related polypeptide whose synthesis changes with cell transfor-
mation (12); 6 and 8, polypeptides IEF6 and IEF8 (see text).
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FIG. 4. EGF-induced changes in synthesis of polypeptides IEF6
and -8 in A431 clone 16. Cells were treated with different concentra-
tions of EGF for 5 days before labeling. Cells were labeled for 16 hr
with [35S]methionine in the presence of EGF. The arrowhead indi-
cates a tropomyosin-related polypeptide whose synthesis also
changes in the parental A431 cells.
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A431 cell proliferation is inhibited by 70% and the proportion
of cyclin decreases by 80%.
The isolation of A431 cell variants resistant to the growth

inhibitory effect of EGF proved to be of great value. These
cells are able to respond in many respects to EGF as the
parental cells do. They present the same changes in mor-
phology, actin distribution, and synthesis of some polypep-
tides as those observed in the nonresistant A431 cells. How-
ever, no changes in the synthesis of cyclin was found at any
of the doses of EGF used during these studies, even after
several days of treatment. These results strongly support ev-
idence obtained with the parental A431 cells that the growth
inhibition correlates with a decrease in cyclin synthesis.
There is good evidence that the major alteration associat-

ed with the escape of variant cells from the growth-inhibitory
effect of EGF is a decrease in the number of EGF receptors
per cell and therefore of the EGF-stimulated tyrosine-specif-
ic protein kinase (7). In the continuous presence of EGF, the
augmented level of phosphotyrosine is maintained in A431
cells for at least 6 hr. Thereafter, it starts to decline (25). As
the effect of EGF on cyclin synthesis persists as long as the
growth factor is present, it would seem that the activation of
the tyrosine-specific protein kinase is not directly involved
in controlling the synthesis of cyclin. Furthermore, none of
the proteins previously identified as targets of the EGF-in-
duced tyrosine protein kinase (25) corresponds to cyclin.
The results I have presented agree with previous observa-

tions which demonstrated that the proportion of the nuclear
protein cyclin (8) correlates directly with the proliferative
state of the cells (9-16). Recently, it has been shown that
cyclin and the proliferating cell nuclear antigen (PCNA) (26-
28) are the same protein (29). Also, a coordinated increase in
cyclin and DNA synthesis after serum stimulation of quies-
cent 3T3 cells has been observed (30).
Taken together, the data suggest that cyclin is involved in

the effect of EGF on A431 cell growth inhibition. This pro-
tein could be an important component that regulates cell pro-
liferation and its activity may be associated with events re-
lated to DNA replication (14, 30).
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