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Estrogen-induced progression through G1 phase of the cell cycle is preceded by increased expression of the
G1-phase regulatory proteins c-Myc and cyclin D1. To investigate the potential contribution of these proteins
to estrogen action, we derived clonal MCF-7 breast cancer cell lines in which c-Myc or cyclin D1 was expressed
under the control of the metal-inducible metallothionein promoter. Inducible expression of either c-Myc or
cyclin D1 was sufficient for S-phase entry in cells previously arrested in G1 phase by pretreatment with ICI
182780, a potent estrogen antagonist. c-Myc expression was not accompanied by increased cyclin D1 expression
or Cdk4 activation, nor was cyclin D1 induction accompanied by increases in c-Myc. Expression of c-Myc or
cyclin D1 was sufficient to activate cyclin E-Cdk2 by promoting the formation of high-molecular-weight
complexes lacking the cyclin-dependent kinase inhibitor p21, as has been described, following estrogen
treatment. Interestingly, this was accompanied by an association between active cyclin E-Cdk2 complexes and
hyperphosphorylated p130, identifying a previously undefined role for p130 in estrogen action. These data
provide evidence for distinct c-Myc and cyclin D1 pathways in estrogen-induced mitogenesis which converge on
or prior to the formation of active cyclin E-Cdk2-p130 complexes and loss of inactive cyclin E-Cdk2-p21
complexes, indicating a physiologically relevant role for the cyclin E binding motifs shared by p130 and p21.

Estrogenic steroids elicit mitogenic responses in a variety of
cell types, particularly those of female reproductive tissues,
including uterus and mammary gland tissues. In addition, es-
trogens have well-described mitogenic actions on neoplastic
breast epithelial cells both in vivo (55) and in vitro (25), and
this effect has been linked to the established role of estrogens
in the development and progression of the majority of human
breast cancers (16). Estrogenic steroids, e.g., 17b-estradiol
(E2), stimulate resting (G0-phase) cells to enter the cell cycle
and accelerate G1-S-phase progression (23, 58). Advances in
the understanding of molecular mechanisms controlling cell
cycle progression (31, 50, 51, 66) have identified cyclin-depen-
dent kinases (CDKs) as potential targets of E2-induced mito-
genesis (2, 12, 39, 42).

Sensitivity to mitogenic stimulation is limited to G1 phase of
the cell cycle, transit through which is regulated by the activi-
ties of Cdk4, Cdk6, and Cdk2. These CDKs are activated by
cyclin binding: Cdk4 and Cdk6 by D-type cyclins (50) and Cdk2
by cyclin E (22). Additional control of cyclin-CDK activity is
achieved by phosphorylation/dephosphorylation of specific res-
idues conserved among CDKs and by interaction with two
families of CDK inhibitors: the INK4 family, of which p16INK4A

is prototypic, and the p21WAF1,CIP1,SDI1/p27KIP1/p57KIP2 fam-
ily (reviewed in references 31 and 51). Other factors, such as
the activity of Cdc25 phosphatases that catalyze the removal of
inhibitory phosphates on CDKs (31), identify a further degree
of complexity in CDK regulation. G1-phase progression in-
duced by a variety of mitogens is associated with specific effects
on these CDK regulatory mechanisms (38, 49). Current evi-
dence suggests that G1-phase cyclin-CDK complexes promote
S-phase entry by phosphorylating key protein substrates that

include pRB (the product of the retinoblastoma susceptibility
gene) and other members of the pocket protein family, p107
and p130. Hypophosphorylated pocket proteins bind and re-
press the transcriptional activity of the E2F/DP family of pro-
teins, and phosphorylation of these pocket proteins by CDKs
releases E2F/DP, with consequent activation of transcription
of genes whose products are required for S-phase progression
(46, 66).

E2-induced G1-S-phase progression in MCF-7 breast cancer
cells has recently been linked to increased cyclin D1 expres-
sion, cyclin D1-Cdk4 complex formation, and cyclin D1-Cdk4
activation (2, 12, 39, 42), suggesting that cyclin D1 may medi-
ate E2 effects. This is supported by studies demonstrating that
overexpression of cyclin D1 in breast cancer cells is sufficient to
overcome antiestrogen-induced G1-phase arrest (67) and also
by the prevention of E2-induced G1-S-phase progression fol-
lowing microinjection of cyclin D1 antibodies or the Cdk4
inhibitor p16INK4A (protein or cDNA) (26). However, mice
carrying a null mutation of both cyclin D1 alleles exhibit nor-
mal mammary gland ductal development and pregnancy-re-
lated uterine hyperplasia (11, 53). These processes are E2
dependent, indicating the presence of cyclin D1-independent
mechanisms by which E2 can stimulate cell proliferation.

Another target of estrogen action on cell proliferation is the
proto-oncogene product c-Myc, which is rapidly induced in
target cells following E2 treatment (10, 32). c-Myc antisense
oligonucleotides inhibit E2-stimulated breast cancer cell pro-
liferation (64), and therefore c-Myc is likely to play a key role
in estrogen action. In fibroblasts, c-Myc is both necessary and
sufficient for G1-S-phase progression (17). In these cells, acti-
vation of conditional alleles of c-myc is followed by the activa-
tion of both cyclin D1-Cdk4 and cyclin E-Cdk2 (36, 48, 56). A
number of mechanisms have been defined for cyclin E-Cdk2
activation by c-Myc and include conversion of cyclin E-Cdk2
complexes to forms that can be activated by Cdc25 phospha-
tase (56), an increase in cyclin E protein levels (20, 36), and
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prevention of the association between the CDK inhibitor p27
and cyclin E-Cdk2 (36, 63). In MCF-7 breast cancer cells, E2
treatment also activates cyclin E-Cdk2 (12, 39, 42). We and
others have presented evidence that activation of cyclin E-
Cdk2 results from the failure of such complexes to bind the
CDK inhibitor p21 (39, 42). Active cyclin E-Cdk2 complexes
induced by E2 in MCF-7 cells are relatively deficient in both
p21 and p27 (42). Furthermore, following E2 treatment there is
a decrease in inhibitory activity toward cyclin E-Cdk2. This
inhibitory activity is predominantly due to p21, not p27 (39,
42), and is accompanied by a decrease in the ability of p21 to
associate with recombinant cyclin E-Cdk2 (42). While the
mechanisms underlying the redistribution of p21 are unde-
fined, there are parallels with the effect of c-Myc on p27 and
cyclin E-Cdk2 association. It is therefore possible that E2-
induced activation of cyclin E-Cdk2 via p21 redistribution is
mediated by the preceding increase in c-Myc expression.

To evaluate the potential contributions of c-Myc and cyclin
D1 to the proliferative effect of E2, we constructed MCF-7 cell
lines that expressed either protein under the control of the
Zn-inducible metallothionein promoter. Zn-induced expres-
sion of c-Myc or cyclin D1 was, like that of E2, sufficient to
promote S-phase entry in cells that had been previously ar-
rested in G1 phase by the antiestrogen ICI 182780. Expression
of c-Myc or cyclin D1 also mimicked the effect of E2 on acti-
vation of cyclin E-Cdk2 via formation of active cyclin E-Cdk2-
p130 complexes at the expense of inactive cyclin E-Cdk2-p21
complexes.

MATERIALS AND METHODS

Antibodies. Monoclonal antibodies (in parentheses) directed against the fol-
lowing proteins were used: c-Myc (9E10; American Type Culture Collection,
Manassas, Va.), cyclin D1 (DCS-6; Novacastra Laboratories Ltd., Newcastle-
upon-Tyne, United Kingdom), cyclin E (HE12; Santa Cruz Biotechnology Inc.,
Santa Cruz, Calif.), pRB (G3-245; PharMingen, San Diego, Calif.), p21 (catalog
no. C24420; Transduction Laboratories, Lexington, Ky.), p27 (catalog no.
K25020, Transduction Laboratories), and glutathione S-transferase (GST) (B-
14; Santa Cruz Biotechnology).

Rabbit polyclonal antibodies against cyclin E (C-19), Cdk4 (H-22), Cdk2 (M2),
p21 (C-19), p107 (C-18), and p130 (C-20) and their corresponding immunogenic
peptides were obtained from Santa Cruz Biotechnology. Rabbit antiserum to
cyclin D1 has been described previously (34). A purified rabbit polyclonal anti-
body against a pRB-derived peptide (phosphorylated on the amino acid corre-
sponding to Ser-780) was a gift from Y. Taya, National Cancer Center Research
Institute, Tokyo, Japan, and has been recently described (21).

Plasmid construction. Plasmid pDMTcycD1, which has a metal-inducible me-
tallothionein promoter (6) upstream of the cDNA sequence of human cyclin D1,
has been described previously (33). The same procedure was used to clone a
cDNA encoding human c-Myc into the SalI site of pDMT (pDMTmyc). The
integrity of this construct was confirmed by sequencing the entire coding region.
c-Myc cDNA was obtained from Jerry Adams, Walter and Eliza Hall Institute,
Parkville, Victoria, Australia.

Transfection, cell culture, and DNA flow cytometry. MCF-7 cells were ob-
tained from the EG & G Mason Research Institute (Worcester, Mass.) and were
maintained as previously described (57). MCF-7.7, a clonal MCF-7 cell line
derived by limiting dilution (8), was transfected with either pDMT, pDMTmyc, or
pDMTcycD1 by electroporation or calcium phosphate precipitation procedures
that have been previously described (33, 67). Expansion of individual G418-
resistant colonies generated clonal cell lines containing either pDMT (MCF-
7.7mt), pDMTmyc (MCF-7.7myc), or pDMTcycD1 (MCF-7.7D1). Pools of
G418-resistant cells were also generated by expanding multiple colonies to-
gether.

Exponentially proliferating cells were growth arrested by pretreatment for 48 h
with 10 nM steroidal antiestrogen ICI 182780 {7a-[9-(4,4,5,5,5-pentafluropen-
tylsulfinyl)nonyl]estra-1,3,5,(10)-triene-3,17b-diol; from Alan Wakeling, Zeneca
Pharmaceuticals, Macclesfield, United Kingdom} and then treated with either
100 nM E2 as described previously (42) or Zn (as ZnSO4) as described previously
(67). Unless otherwise indicated, the final concentration of Zn was 50 mM.
Vehicle controls for E2 and Zn were absolute ethanol and water, respectively. In
some experiments, the specific Cdk2 inhibitor roscovitine (Calbiochem-Novabio-
chem, Alexandria, New South Wales, Australia) was added directly to cell cul-
ture medium 30 min prior to the addition of either E2, Zn, or vehicle. Working
dilutions of roscovitine were prepared in dimethyl sulfoxide at 1,000-fold the
required final concentration in cell culture medium. Analysis of cell cycle phase

distribution by DNA flow cytometry was performed as described previously (67),
with minor modifications: the final concentration of ethidium bromide was 50
mg/ml, mithramycin was omitted, and RNase A was added to a final concentra-
tion of 0.4 mg/ml 1 to 24 h prior to analysis.

Immunoblotting, immunoprecipitation, and protein kinase assays. Immuno-
blotting and immunoprecipitation were performed as described previously (42).
Kinase assays for Cdk4 and cyclin E-associated activity were performed by the
methods described previously (42), with minor modifications to the Cdk4 assay
as follows. Cdk4 complexes were immunoprecipitated by incubating lysates con-
taining 400 mg of protein with 5 ml of a rabbit polyclonal Cdk4 antibody (H-22;
Santa Cruz Biotechnology) for 1 h at 4°C. The complexes were recovered by the
addition of 7.5 ml of protein A-Sepharose beads (Zymed, San Francisco, Calif.)
per sample and further incubation for 30 min at 4°C. The final kinase reaction
mixture contained 10 mg of bovine serum albumin.

Gel filtration. Cell lysates were fractionated on a HiLoad 16/60 Superdex 200
column (Pharmacia Biotech, Uppsala, Sweden) as previously described (42).
Proteins were eluted at 1.2 ml/min at 4°C in a buffer consisting of 20 mM HEPES
(pH 7.5), 250 mM NaCl, 1 mM EDTA, 0.1% (vol/vol) b-mercaptoethanol, and
0.01% (vol/vol) Tween 20. The column void volume was ;45 ml, and 10 3-ml
fractions were collected between 55 and 84 ml (termed fractions 1 to 10).
Column calibration was performed as described previously (42).

Binding of p21 to recombinant cyclin E-Cdk2. Assays designed to determine
the ability of p21 in cell lysates to bind to recombinant GST-cyclin E-Cdk2 were
performed by incubating either recombinant GST-cyclin E-Cdk2 complexes (42)
or GST with cell lysates for either 2 h at 4°C or 30 min at 30°C. GST-cyclin
E-Cdk2 complexes were retrieved with glutathione-agarose beads added for 1 h
at 4°C and washed three times with lysis buffer (50 mM HEPES [pH 7.5], 150
mM NaCl, 10% [vol/vol] glycerol, 1% [vol/vol] Triton X-100, 1.5 mM MgCl2, 1
mM EGTA, 10 mg of aprotinin per ml, 10 mg of leupeptin per ml, 1 mM
phenylmethylsulfonyl fluoride, 200 mM sodium orthovanadate, 10 mM sodium
pyrophosphate, 20 mM NaF, 1 mM dithiothreitol). p21 bound to recombinant
GST-cyclin E-Cdk2 was detected following sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblot analysis.

RESULTS

Antiestrogen-induced G1-phase arrest can be reversed by
inducible expression of either c-Myc or cyclin D1. E2-induced
G1-S-phase progression in MCF-7 cells is associated with in-
creased expression of c-Myc (10, 42) and cyclin D1 (2, 12, 39,
42). To assess the ability of either protein to promote G1-S-
phase progression, MCF-7.7 cell lines that contained stably
integrated c-Myc cDNA (MCF-7.7myc) or cyclin D1 cDNA
(MCF-7.7D1) under the control of the Zn-inducible metallo-
thionein promoter were derived. Pooled and clonal cell lines
were growth arrested by 48 h of pretreatment with the steroidal
antiestrogen ICI 182780 and tested for inducible expression of
c-Myc and cyclin D1 following treatment with 50 mM Zn. For
both MCF-7.7myc and MCF-7.7D1 cell lines, there was a wide
range of both basal and Zn-inducible expression of the exog-
enous proteins (Fig. 1A). Zn treatment had no detectable
effect on c-Myc or cyclin D1 expression in control cell lines
transfected with vector alone (MCF-7.7mt).

The ability of c-Myc or cyclin D1 to rescue cells arrested in
G1 phase by ICI 182780 was then tested in multiple cell lines.
Induced expression of c-Myc or cyclin D1 in these cell lines was
sufficient to promote G1-S-phase progression (Fig. 1B). In all
cell lines, there was a good correlation between ectopic protein
expression and S-phase entry (Fig. 2B and data not shown).
The kinetics of S phase entry were studied in the clonal cell
lines MCF-7.7D1.13 (D1.13) and MCF-7.7myc.3 (myc.3) be-
cause these cell lines had the lowest basal expression of c-Myc
and cyclin D1, and high expression of the ectopic genes was
achieved with relatively low concentrations of Zn (Fig. 2B).
Following E2 or Zn treatment of D1.13 cells, there were sub-
stantial increases in the proportion of cells in S phase by 15 to
16 h and maximum levels were reached between 21 and 24 h
(Fig. 1C). The kinetics of S-phase entry were similar in myc.3
cells, although S-phase entry was somewhat earlier, with sub-
stantial increases in the proportion of cells in S phase by 12 h
and maximum levels reached at 16 to 18 h. Interestingly, the
doubling time for all myc cell lines was less than that for D1
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and mt cell lines (data not shown), which may indicate slightly
enhanced cell proliferation due to leaky c-Myc expression from
the metallothionein promoter. As described above, Zn-in-
duced S-phase entry was concentration dependent in D1.13

and myc.3 cells and in both, 50 mM Zn stimulated degrees of
S-phase entry similar to that induced by E2 (Fig. 1C). E2
treatment of control cell lines (mt.1 and mt.4) caused an in-
crease in the proportion of cells in S phase similar to that in the
other cell lines, but 50 mM Zn treatment had little effect on
G1-S-phase progression (Fig. 1C), consistent with the negligi-
ble effect of Zn on c-Myc and cyclin D1 protein expression in
these control clones (Fig. 1A). Unless stated otherwise, subse-
quent experiments used the clonal MCF-7.7 cell lines myc.3,
D1.13, and mt.4 and rescue from ICI 182780 arrest with either
50 mM Zn or 100 nM E2.

Increased expression of c-Myc failed to induce cyclin D1,
and vice versa. c-Myc has been proposed to either increase (5),
decrease (20, 37), or have no effect on (18, 19, 54) cyclin D1
gene expression in fibroblasts. E2-induced expression of c-Myc
protein by 30 to 120 min (42, 64) and cyclin D1 by 120 to 240
min (2, 12, 39, 42) in MCF-7 cells is consistent with the pos-
sibility that E2 induction of c-Myc is a prerequisite for expres-
sion of cyclin D1. This was investigated by comparing the
temporal changes in expression of these proteins during G1-
phase progression following E2 treatment with their expression
following Zn-induced expression of either c-Myc or cyclin D1.
E2 treatment increased expression of c-Myc and cyclin D1 in
all cell lines examined (Fig. 2A), in agreement with previously
published data (2, 12, 39, 42, 64). Changes in both cyclin D1
levels and the proportion of cells in S phase following E2
treatment were smaller than we have reported previously (42),
probably reflecting less marked cell cycle synchrony in these
clonal cell lines. Zn induction of c-Myc in myc.3 cells had no
effect on the expression of cyclin D1 from 3 to 24 h (Fig. 2A
and data not shown). Similarly, Zn-induced expression of cy-
clin D1 in D1.13 cells had no effect on the expression of c-Myc
from 3 to 24 h (Fig. 2A and data not shown). Furthermore,
induced expression of c-Myc or cyclin D1 did not affect the
expression of the other gene product in any other MCF-7.7 cell
lines examined (Fig. 1A and data not shown).

The concentration-dependent induction of c-Myc and cyclin
D1 by E2 or Zn and the degree of S-phase entry were examined
in representative cell lines. Treatment of myc.3 cells with 100
nM E2 or 50 mM Zn resulted in similar levels of both S-phase
entry (Fig. 1C and 2B) and c-Myc protein expression (Fig. 2).
Similarly, treatment of D1.13 cells with E2 or 50 mM Zn re-
sulted in similar levels of S-phase entry (Fig. 1C and 2B).
However, in marked contrast to the situation with c-Myc, a
greater than twofold-higher level of cyclin D1 protein was
required following Zn treatment to elicit the same degree of
S-phase entry as that induced by E2 treatment (Fig. 2). When
Zn concentrations were adjusted to induce a level of cyclin D1
protein expression similar to that induced by 100 nM E2, i.e.,
30 mM Zn, the increase in S phase was only ;40% of that
induced by E2 (Fig. 2B). These data are consistent with a
model of E2 action in which E2-induced expression of c-Myc,
but not cyclin D1, is sufficient to account quantitatively for the
subsequent S-phase entry. However, it is clear that the E2-
induced expression of cyclin D1 can still make a substantial
contribution to S-phase entry.

Cdk4 is activated by induction of cyclin D1 but not c-Myc.
Although increased expression of c-Myc was without effect on
cyclin D1 expression, it is possible that the c-Myc pathway can
activate cyclin D1-associated CDKs (56). The major contribu-
tion to cyclin D1-associated kinase activity in MCF-7 cells is
from cyclin D1-Cdk4 complexes since in these cells cyclin D1-
Cdk2 complexes are inactive and cyclin D1-Cdk6 complexes
are in low abundance (59). E2 treatment of all cell lines re-
sulted in similar increases in the level of Cdk4 activity (Fig. 3A
and data not shown). Zn treatment of D1.13 cells, but not

FIG. 1. Generation of MCF-7 cell lines with Zn-inducible c-Myc or cyclin D1.
MCF-7.7 cell lines stably transfected with the Zn-inducible pDMT vector containing
c-Myc cDNA (myc), cyclin D1 cDNA (D1), or no cDNA (mt) were growth
arrested for 48 h with 10 nM antiestrogen ICI 182780. (A) Cells were treated at
time zero with either 50 mM Zn (1) or vehicle (2). After 6 to 8 h, cell lysates
were prepared and immunoblotted with antibodies against c-Myc and cyclin D1.
(B) Cells were treated at time zero with the indicated concentration (micromo-
lar) of Zn. Cells were harvested (18 h for myc cells; 21 h for D1 and mt cells) and
stained for DNA content, and the proportion of cells in S phase was determined
by flow cytometry. (C) Cells were treated at time zero with either the indicated
concentration (micromolar) of Zn, 100 nM 17b-estradiol (E2) or vehicle (ethanol
[EtOH]). At intervals thereafter, cells were harvested and stained for DNA
content, and the proportion of cells in S phase was determined by flow cytometry.
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myc.3 cells, was accompanied by early activation of Cdk4 (Fig.
3A), paralleling the changes in cyclin D1 protein expression in
these cell lines (Fig. 2A). Similarly, Cdk4-specific phosphory-
lation of pRB detected by immunoblot analysis with an anti-

body specific for a Ser-780 Cdk4 phosphorylation site on pRB
(21) was substantially increased following Zn treatment of
D1.13 cells (Fig. 3B). In contrast, in both myc.3 and mt.4 cells
there were only small changes in Ser-780 pRB phosphorylation
following Zn treatment (Fig. 3B), indicating that Zn treatment
had minor effects on this parameter and c-Myc expression had
no effect. E2 treatment of all cell lines resulted in similar levels
of Cdk4-specific phosphorylation of pRB at 16 h (Fig. 3B).

Induction of c-Myc or cyclin D1 leads to activation of cyclin
E-Cdk2 and hyperphosphorylation of pocket proteins. The
effect of c-Myc or cyclin D1 induction on cyclin E-Cdk2 activity
was next examined since both have been reported to activate
cyclin E-Cdk2 (34, 36, 48, 56). Activation of cyclin E-Cdk2
occurs relatively early after E2 treatment (12, 39, 42), suggest-
ing a particular importance for this kinase in E2-induced G1-
S-phase progression. E2 treatment of all cell lines and Zn
induction of c-Myc or cyclin D1 were followed by activation of
cyclin E-Cdk2, beginning with minor increases at 3 h (;20%
[Fig. 4A]) and increasing thereafter. Cyclin E-Cdk2 activity
reached levels ;4-fold above control levels at 16 h in cells
treated with E2 and ;3.5-fold above control levels at 16 h
following Zn induction of c-Myc (Fig. 4A). In contrast, cyclin
E-Cdk2 activity reached maximum levels at 6 h (;3-fold above
control levels) following Zn induction of cyclin D1 and there-
after remained constant (Fig. 4A). Zn treatment of mt.4 con-
trol cells had little effect on cyclin E-Cdk2 activity. These
results indicate that the E2-activated c-Myc and cyclin D1
pathways converge at or prior to cyclin E-Cdk2 activation.

Since pocket proteins are in vivo substrates for G1 CDKs, we
next examined the phosphorylation of pRB, p130, and p107 by
immunoblotting following E2 treatment or Zn induction of
c-Myc or cyclin D1. As expected from previous studies (42, 65),

FIG. 2. c-Myc and cyclin D1 protein expression following E2 treatment or Zn
induction of c-Myc or cyclin D1. Three of the clonal MCF-7.7 cell lines used for
Fig. 1 (myc.3, D1.13, and mt.4) were growth arrested with 10 nM ICI 182780 for
48 h. (A) Cells were treated at time zero with 50 mM Zn or 100 nM E2 (1) or
with vehicle (2). Whole-cell lysates were prepared at intervals thereafter (shown
in hours). Lysates were immunoblotted with antibodies against c-Myc and cyclin
D1. (B) Cells were treated at time zero with either the indicated concentration
(micromolar) of Zn, 100 nM E2, or vehicle (Con). At intervals thereafter, cell
lysates were prepared and immunoblotted with antibodies against c-Myc or
cyclin D1. Autoradiographs were quantitated by densitometry and expressed
relative to time-matched controls. After 18 h (myc.3) or 21 h (D1.13), cells were
harvested and stained for DNA content, and the proportion of cells in S phase
was determined by flow cytometry. Data for protein and S phase are from the
same experiment.

FIG. 3. Cdk4 activity following E2 treatment or Zn induction of c-Myc or
cyclin D1. The experimental design was as described for Fig. 2A. (A) Cdk4
immunoprecipitates were assayed for kinase activity toward a GST-pRB773-928

substrate. Autoradiographs were quantitated by densitometry and expressed
relative to time-matched controls. E2 treatment of all cell lines resulted in similar
levels of Cdk4 activity and is represented by results from myc.3 cells. Points
shown represent the means of two independent experiments. (B) Total cell
lysates were immunoblotted with antibodies against a pRB-derived phosphopep-
tide that contains a Cdk4-specific target (phospho-Ser 780). The immunoreactive
band labeled with an asterisk is nonspecific since it was not detected in pRB
immunoprecipitates (data not shown).
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a significant proportion of pRB was hypophosphorylated (most
mobile form) following antiestrogen pretreatment (Fig. 4B).
p130 was mainly present as hypophosphorylated form 1 and
phosphorylated form 2 (27, 28), characteristic of G0-phase
cells. E2 treatment of all cell lines resulted in an increase in the
total amount of hyperphosphorylated, less mobile pRB and
p130 (form 3) (Fig. 4B) and an increase in the hyperphosphor-
ylated/hypophosphorylated ratio of pRB and p130. Zn induc-
tion of c-Myc in myc.3 cells resulted in similar phosphorylation
of pRB but less pronounced phosphorylation of p130 (Fig. 4B).
In contrast, Zn induction of cyclin D1 in D1.13 cells resulted in
earlier phosphorylation of pRB and p130 (3 to 6 h) than E2
treatment (6 to 10 h), consistent with the more rapid effects of
Zn treatment on cyclin D1 protein expression (Fig. 2A), Cdk4
activity, and Cdk4-specific phosphorylation of pRB (data not
shown). Similar to the effects of ectopic gene expression on
pRB and p130, p107 phosphorylation was evident by 3 h in
D1.13 cells, 6 h in myc.3 cells, and not at all in mt.4 cells
following Zn treatment (data not shown). For all cell lines
studied, E2 treatment resulted in an increased degree of p107
phosphorylation that was evident by 6 h (data not shown).

Cells subjected to E2- and c-Myc-induced, but not those
subjected to cyclin D1-induced, G1-S-phase progression have
similar sensitivities to inhibition by roscovitine. The above
experiments showed that similar degrees of G1-S-phase pro-
gression following E2 treatment or ectopic expression of c-Myc
or cyclin D1 were preceded by induction of similar levels of
cyclin E-Cdk2 activity. The dependence of G1-S-phase pro-
gression on cyclin E-Cdk2 activity was next determined by
examining sensitivity to the Cdk2-specific chemical inhibitor
roscovitine (7, 29). The maximum increases in E2- or Zn-
induced S-phase entry were compared following treatment

with different concentrations of roscovitine. Both myc.3 and
D1.13 cell lines had similar sensitivities to roscovitine inhibi-
tion of E2-induced G1-S-phase progression, with ;40% inhi-
bition of S-phase entry with 10 mM roscovitine and ;100%
inhibition with 25 mM roscovitine (Fig. 5). G1-S-phase progres-
sion following Zn induction of c-Myc in myc.3 cells was also
inhibited with a similar sensitivity (Fig. 5). However, G1-S-
phase progression following Zn induction of cyclin D1 in D1.13
cells was markedly less sensitive to roscovitine, such that con-
centrations of roscovitine as high as 10 mM had no inhibitory
effect (Fig. 5). These results demonstrate that G1-S-phase pro-
gression stimulated by E2 and c-Myc was similarly dependent
on Cdk2 activity. However, the G1-S-phase progression stim-
ulated by cyclin D1 was markedly different, being less depen-
dent on Cdk2 activity despite similar levels of cyclin E-Cdk2
activation. It is possible that the early increase in cyclin D1-
Cdk4 activity following cyclin D1 induction (Fig. 3A) compen-
sates for the loss of Cdk2 activity and thereby accounts for the
relative resistance to roscovitine.

c-Myc- and cyclin D1-induced activation of cyclin E-Cdk2 is
associated with loss of p21 and association with p130. The
E2-stimulated c-Myc and cyclin D1 pathways appeared to con-
verge on or just prior to cyclin E-Cdk2 activation. Therefore,
the mechanisms of cyclin E-Cdk2 activation were investigated
to determine whether they were the same following c-Myc or
cyclin D1 induction. In whole-cell lysates and cyclin E immu-
noprecipitates from myc.3 or D1.13 cells treated with E2 or Zn,
there were no changes in the levels of cyclin E, Cdk2, p21, or
p27 from 0 to 16 h (data not shown), consistent with observa-
tions made following E2 treatment of MCF-7 cells (39, 42). In
these cells, cyclin E-Cdk2 activation is associated with the
formation of high-specific-activity, high-molecular-weight cy-

FIG. 4. Cyclin E-Cdk2 activation and hyperphosphorylation of pocket proteins following E2 or Zn treatment. The experimental design was as described for Fig. 2A.
Control lanes (C) represent results from cells treated with vehicle. (A) Cyclin E immunoprecipitates were assayed for kinase activity toward histone H1 substrate. A
1.5-h time point is included for D1.13 and mt.4 cells. For each cell line, the results shown are from the same autoradiograph. Autoradiographs were quantitated by
densitometry, and results are expressed relative to those for time-matched controls. E2 treatment of all cell lines resulted in similar levels of cyclin E-associated kinase
activity and is represented by results for D1.13 cells. Points shown for 3 to 16 h represent the means of two independent experiments. (B) Cell lysates were
immunoblotted with either pRB or p130 antibodies. Three distinct phosphorylated species of p130 are indicated. For each cell line and antibody the results shown are
from the same autoradiograph.
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clin E-Cdk2 complexes lacking CDK inhibitors p21 and p27
(42). Gel filtration of cell lysates was therefore performed to
determine if similar changes occurred following induction of
c-Myc or cyclin D1. Zn treatment of myc.3 or D1.13 cells
induced an increase in cyclin E-associated kinase activity that
eluted between 400 and 500 kDa (fractions 1 and 2 [Fig. 6]).
Subsequent experiments demonstrated less marked changes in
cyclin E-associated kinase activity eluting at predicted molec-
ular masses higher than 500 kDa (data not shown). These
changes in the elution profile of cyclin E-associated kinase
activity following c-Myc or cyclin D1 expression are similar to
the changes following E2 treatment of these clones (data not

shown) and parental MCF-7 cells (42). The relatively greater
proportion of high-molecular-weight cyclin E-associated ki-
nase activity following expression of c-Myc compared to that
following cyclin D1 expression is likely to indicate some dif-
ferences in complex composition. In contrast, in all clones most
of the cyclin E protein eluted at ;160 kDa (fraction 5) [Fig. 6
and 7B and data not shown]) as previously described (42).
Consequently the specific activity of the 400- to 500-kDa cyclin
E complexes was ;12-fold greater than that of the ;160-kDa
complexes, demonstrating that the activity of the total cyclin
E-Cdk2 pool was due to a small number of highly active high-
molecular-weight complexes.

The composition of the 400- to 500-kDa cyclin E complexes
was compared with that of the relatively inactive ;160-kDa
complexes. Cyclin E immunoprecipitates were prepared from
fractions 1 and 2 (400 to 500 kDa) or fraction 5 (;160 kDa),
resuspended in 20 ml of sample buffer, and then separated by
SDS-PAGE. Since there was relatively little cyclin E protein
eluting at 400 to 500 kDa compared to that eluting at ;160
kDa, different amounts of fraction 5 (;1, 3, 6, and 10 ml) were
loaded on the gel to facilitate comparison of cyclin E/CDK
inhibitor ratios. The relatively high level of cyclin E protein
eluting at ;160 kDa is clearly evident (compare cyclin E pro-
tein in fractions 1 and 2 with all 4 lanes from fraction 5). In
myc.3 and D1.13 cells, the 400- to 500-kDa cyclin E complexes
were relatively deficient in p21 and p27 compared with lanes
containing similar levels of cyclin E in the ;160-kDa com-
plexes. These differences are likely to contribute to the high
specific activity of the 400- to 500-kDa cyclin E complexes. Zn
induction of c-Myc or cyclin D1 increased the levels of cyclin E
eluting at 400 to 500 kDa without altering the levels of cyclin
E-associated p21 or p27, indicating an increase in high-molec-
ular-weight cyclin E complexes that were not associated with
these CDK inhibitors. Consistent with this, there was an in-
crease in the relative abundance of the more mobile, CAK
(CDK-activating kinase)-phosphorylated form of cyclin E-as-
sociated Cdk2 species (13) in the 400- to 500-kDa complexes
(data not shown), since CAK phosphorylation of Cdk2 is pre-
vented by association of p21 and p27 with Cdk2 (3, 40). These
changes in cyclin E complex composition were identical to the
changes following E2 treatment of these clones (data not
shown) and MCF-7 cells (42).

The composition of the active cyclin E-Cdk2 complexes was
investigated further by examining interactions between cyclin
E and proteins previously found to associate with cyclin E.
Significant interactions were detected between cyclin E and the
pocket protein p130. In cyclin E immunoprecipitates, p130 was
present predominantly in the hyperphosphorylated form 3,
with little hypophosphorylated protein detectable (Fig. 7A).
Following E2 treatment, or Zn induction of c-Myc or cyclin D1,
the levels of p130 associated with cyclin E increased. Consis-
tent with these data, p130 immunoprecipitates contained in-
creased levels of cyclin E and Cdk2 following all treatments
(Fig. 7A). Taken together, these results indicated an increase
in protein complexes containing cyclin E-Cdk2 and hyperphos-
phorylated p130. No significant interactions between cyclin E
and the other pocket protein p107 or pRB were detected in
similar experiments (data not shown). Cyclin E-Cdk2-p130
complexes eluted from the gel filtration column coincident
with active cyclin E complexes (data not shown), suggesting
that the active complexes may contain p130. Immunodepletion
of p130 was sufficient to remove the majority of the cyclin E
protein and cyclin E-Cdk2 activity that eluted at 400 to 500
kDa following E2 and induction of c-Myc or cyclin D1 (Fig.
7B). This finding indicates that cyclin E-p130 complexes con-
stitute the majority of 400- to 500-kDa cyclin E complexes, and

FIG. 5. Inhibition of E2-, c-Myc-, or cyclin D1-induced G1-S-phase progres-
sion by the Cdk2-specific inhibitor roscovitine. The experimental design was as
described for Fig. 2A except that cells were pretreated with the indicated con-
centration of roscovitine 30 min prior to treatment with Zn, E2, or vehicle. After
18 h (myc.3) or 21 h (D1.13), cells were harvested and stained for DNA content,
and the proportion of cells in S phase was determined by flow cytometry. For
each concentration of roscovitine the increase in S phase with either Zn or E2
(above the vehicle-treated control level) was expressed as a percentage of the
increase in S phase with 0 mM roscovitine. Points represent the means of three
(myc.3) or four to five separate experiments (D1.13), and error bars indicate the
standard errors of the means.

FIG. 6. Mechanism of activation of cyclin E-Cdk2 by E2 treatment or Zn
induction of c-Myc or cyclin D1. The experimental design was as described for
Fig. 2A. Lysates from myc.3 and D1.13 cells were prepared 10 h after treatment
with Zn and fractionated on a HiLoad 16/60 Superdex 200 gel filtration column.
Cyclin E complexes were immunoprecipitated from 3-ml fractions and then
either assayed for histone (H1) kinase activity (as described for Fig. 3A) or
resuspended in 20 ml of sample buffer, separated by SDS-PAGE, transferred to
a nitrocellulose filter, and sequentially blotted with the indicated antibodies.
Fraction 5 (which contained high levels of cyclin E) was loaded in variable
amounts in order to permit comparison of the relative levels of coimmunopre-
cipitating proteins with those in fractions 1 and 2 (combined). Lanes containing
similar levels of cyclin E protein are indicated with either an asterisk (Zn treated)
or an arrowhead (vehicle treated). The elution volumes for marker proteins of
known molecular weight are indicated at the top.
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these complexes contribute most of the total cyclin E-Cdk2
activity. In summary, activation of cyclin E-Cdk2, whether by
E2, c-Myc, or cyclin D1, was invariably associated with the
formation of high-molecular-weight cyclin E-Cdk2 complexes
that were relatively deficient in both p21 and p27 and con-
tained p130 and CAK-phosphorylated Cdk2.

E2, c-Myc, and cyclin D1 decrease the association between
p21 and recombinant cyclin E-Cdk2. The decrease in p21
association with cyclin E-Cdk2 complexes in vivo following E2
treatment has been proposed as a major factor contributing to
the relief of inhibition of cyclin E-Cdk2 (39, 42). The associa-
tion between p21 and recombinant cyclin E-Cdk2 in vitro is
also inhibited following E2 treatment (42) and was therefore
investigated in the current paradigm. Zn induction of c-Myc or
cyclin D1 was accompanied by decreased association of p21
with cyclin E-Cdk2 complexes in vivo (Fig. 6) and reduced
association between p21 and recombinant GST-cyclin E-Cdk2
in vitro (Fig. 8A). Control experiments showed no association
between p21 and GST, indicating that the binding was specific
for cyclin E-Cdk2 (data not shown). These results indicate that
decreased association of p21 with cyclin E-Cdk2 is a common
activating mechanism for cyclin E-Cdk2 shared by E2, c-Myc,
and cyclin D1. p21 levels do not change at the time of early
activation of cyclin E-Cdk2 following E2 treatment of MCF-7
cells (42). Similarly, levels of p21 did not alter following Zn
induction of c-Myc or cyclin D1 (data not shown), and there-
fore decreased abundance of p21 does not appear to account
for the decreased association of p21 with cyclin E-Cdk2. An
alternative explanation for this effect is that p21 is sequestered
by other proteins and thus is unavailable for binding to cyclin
E-Cdk2. It has been suggested that cyclin D1-Cdk4 performs
this role following E2 treatment of MCF-7 cells (39). Exami-
nation of cyclin D1 immunoprecipitates revealed that there
was increased association of cyclin D1 with p21 following E2
treatment or Zn induction of cyclin D1 but not following Zn
induction of c-Myc (Fig. 8B). This finding indicates that cyclin
D1, but not c-Myc, may contribute to the activation of cyclin
E-Cdk2 by sequestering p21 into cyclin D1 complexes.

DISCUSSION

E2-induced G1-phase progression can be mimicked by c-Myc
or cyclin D1. The proliferative effect of estrogens is of major
importance in the development and normal physiological func-
tion of female reproductive organs and in breast cancer initi-
ation and progression. We and others have used the estrogen-
responsive human breast cancer cell line MCF-7 to investigate
the underlying molecular mechanisms for the proliferative ef-
fect. This study has focused on the roles of c-Myc and cyclin D1
in this process, since both gene products can stimulate cell
cycle progression (17, 33, 44, 45) and the expression of both
genes is rapidly induced following E2 treatment (2, 10, 12, 39,
42). Our results demonstrate that ectopic expression of either
c-Myc or cyclin D1 induced S-phase entry in MCF-7 cells
previously arrested in G1 phase by pretreatment with anties-

FIG. 7. Increased association of cyclin E with p130 follows E2 treatment or Zn induction of c-Myc or cyclin D1. The experimental design was as described for Fig.
2A. Lysates were prepared 10 h after treatment. (A) Cyclin E or p130 immunoprecipitates (IP) from total cell lysates were immunoblotted with the indicated antibodies.
(B) p130 was immunoprecipitated from lysates with p130 antibodies in the presence (1) or absence (2) of immunizing peptide. The supernatant was fractionated on
a gel filtration column as described for Fig. 6. Representative cyclin E protein immunoblots and cyclin E histone (H1) kinase assays are shown following E2 and Zn
treatment of myc.3 cells and Zn treatment of D1.13 cells. The elution volumes for marker proteins of known molecular weight are indicated.

FIG. 8. Effects of E2 treatment or Zn induction of c-Myc or cyclin D1 on the
binding of p21 to recombinant cyclin E-Cdk2. The experimental design was as
described for Fig. 2A. (A) Lysates prepared 10 h after treatment were incubated
with GST-cyclin E-Cdk2 complexes or GST. GST proteins were recovered on
glutathione-agarose beads and then immunoblotted for p21. (B) Cyclin D1
immunoprecipitates were immunoblotted for p21. Immunoblots of control non-
immune rabbit antiserum immunoprecipitates failed to detect p21. Control lanes
(C) represent results from cells treated with vehicle. For each cell line the results
shown are from the same radiograph.
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trogen. c-Myc is therefore sufficient to initiate G1-S-phase pro-
gression in this epithelial cell model, extending previous find-
ings in other cell types. These data also indicate a potential
role for c-Myc in clinical antiestrogen resistance, similar to the
one we have suggested previously for cyclin D1 (67). In this
model, c-Myc did not induce expression of cyclin D1 protein.
Similarly, others have demonstrated that activation of condi-
tional c-Myc alleles (MycER) does not activate cyclin D1 tran-
scription (54), despite some conflicting earlier reports (5, 20).
However, MycER activates cyclin D1-dependent CDKs in rat
fibroblasts (43, 56), but the effect is relatively small in contrast
to the large changes in both cyclin E-Cdk2 activity and G1-S-
phase progression. In our system, Zn induction of c-Myc did
not increase Cdk4 activity, and conversely, Zn induction of
cyclin D1 and subsequent Cdk4 activation did not induce ex-
pression of c-Myc. These results demonstrate that E2-induced
G1-phase progression is likely to be mediated by initially dis-
tinct c-Myc and cyclin D1 pathways. It remains possible that
the cyclin D1 pathway upregulates the activity of the c-Myc
pathway at some point other than c-Myc protein expression.

Comparison of protein expression and S-phase entry follow-
ing E2 treatment or inducible expression of c-Myc or cyclin D1
suggested that the effects of E2 in these cells were quantita-
tively more closely mimicked by induction of c-Myc than by
induction of cyclin D1, indicating that E2-induced expression
of c-Myc may be sufficient for G1-S-phase progression. Con-
sistent with a predominant role for c-Myc over cyclin D1 in
E2-induced cell proliferation, S-phase entry induced by E2 or
c-Myc, but not by cyclin D1, was equally sensitive to inhibition
by the Cdk2 antagonist roscovitine. c-Myc expression is appar-
ently necessary for E2-dependent G1-S-phase progression in
breast cancer cells, since c-Myc antisense oligonucleotides can
prevent E2-dependent MCF-7 cell proliferation (64). However,
this observation does not preclude a requirement for cyclin D1
in E2- and c-Myc-induced G1-S-phase progression. In fibro-
blasts, cyclin D1 antibodies prevent c-Myc-induced S-phase
entry (47), and the Cdk4/6 inhibitor p16 inhibits c-Myc-depen-
dent transformation (14). Therefore, the functional conse-
quences of c-Myc expression appear to be dependent on cyclin
D1 expression. In MCF-7 cells, cyclin D1 protein levels are
reduced by only 50% following antiestrogen pretreatment (42,
65) and may be sufficient for subsequent c-Myc action. Indeed,
inhibition of cyclin D1 function in MCF-7 cells also inhibits
E2-dependent S-phase entry (26), although it remains to be
determined whether the role of cyclin D1-Cdk4 complexes
involves Cdk4 activity, CDK inhibitor sequestration, or some
other function.

Cyclin E-Cdk2 is activated following c-Myc or cyclin D1
expression. Activation of cyclin E-Cdk2 is necessary for G1-S-
phase progression (35, 60, 62) and is inhibited in antiestrogen-
arrested MCF-7 cells by association with p21 (39, 42). Expres-
sion of c-Myc or cyclin D1 resulted in early activation of cyclin
E-Cdk2, and therefore the E2-induced expression of c-Myc and
cyclin D1 is likely to activate pathways that converge at or prior
to this point. Activation of cyclin E-Cdk2 by E2 or following
c-Myc or cyclin D1 expression was associated with decreased
p21 in high-molecular-weight, high-specific-activity cyclin E-
Cdk2 complexes, suggesting a common mechanism of activa-
tion involving formation of cyclin E-Cdk2 complexes deficient
in p21. Further evidence for such a mechanism is provided by
increased CAK-phosphorylated Cdk2 in high-specific-activity
cyclin E-Cdk2 complexes since CDK inhibitors directly prevent
CAK phosphorylation of Cdk2 (3, 40). CAK activity (measured
as Cdk7 activity) was unchanged following E2 treatment of
MCF-7 cells (42) and therefore is unlikely to account for the
increase in CAK-phosphorylated Cdk2. Moreover, peptide

motifs shared by p130 and p21 ensure that their binding to
cyclin E-Cdk2 is mutually exclusive (1, 52), which suggests that
active cyclin E-Cdk2 complexes which contain p130 are defi-
cient in p21. Therefore, competition between proteins with
these shared peptide motifs plays a major role in determining
cyclin E-Cdk2 complex formation, activity, and substrate pref-
erence following E2 treatment. To our knowledge, this is the
first description of competition between p21 and p130 for
association with cyclin E-Cdk2 in a physiologically relevant
model.

There are a number of potential mechanisms for the forma-
tion of cyclin E-Cdk2 complexes that are deficient in p21 and
contain p130. These include changes to any one of the proteins
involved (cyclin E, Cdk2, p21, and p130) such that cyclin
E-Cdk2-p130 complex formation is favored over cyclin
E-Cdk2-p21 complex formation. Our in vitro binding studies
demonstrate that binding of p21 to recombinant cyclin E-Cdk2
is decreased following E2 treatment, c-Myc expression, or cy-
clin D1 expression. Therefore, it is likely that changes in p21
rather than changes in cyclin E-Cdk2 account for the alteration
in complex formation. Furthermore, changes to p130 are un-
likely to account for the alteration because binding of p21 to
recombinant cyclin E-Cdk2 is not altered by p130 immu-
nodepletion (41). These data argue that E2 treatment, c-Myc
expression, or cyclin D1 expression may instead target p21 and
prevent its association with cyclin E-Cdk2, for example, by
phosphorylation/sequestration of p21 or decreased production
or increased destruction of the pool of p21 capable of binding
to cyclin E-Cdk2. Increased binding of p21 to cyclin D1-Cdk4
occurred following E2 treatment and cyclin D1 induction, and
cyclin D1-Cdk4 may therefore sequester p21 from cyclin E-
Cdk2. Our observation that c-Myc can promote G1-S-phase
progression in the absence of an increase in Cdk4 activity may
indicate that the major role for cyclin D1 in E2 action is
sequestration of p21 rather than activation of Cdk4, as has
been suggested by others (39). However, binding of p21 to
cyclin D1-Cdk4 did not increase following c-Myc induction
indicating a different activating mechanism by c-Myc. These
observations are similar to those made for rat fibroblasts, in
which c-Myc activated cyclin E-Cdk2 by inhibiting association
with p27 and without sequestration of p27 by cyclin D1 (36,
63). c-Myc has also been reported to abrogate the inhibitory
action of p21 on Cdk2 activity in fibroblasts (18). Potentially,
c-Myc may target all members of the p21/p27 class of CDK
inhibitors and prevent their association with cyclin E-Cdk2 by
a common mechanism.

Cyclin E-Cdk2 complexes activated by E2 treatment, or ex-
pression of c-Myc or cyclin D1, are associated with p130. The
c-Myc and cyclin D1 pathways also converged on p130 phos-
phorylation. Following antiestrogen pretreatment, p130 was
present as the faster-migrating phosphorylated forms 1 and 2
and formed complexes that contained E2F-4 but lacked cyclin
E-Cdk2 (41). Similar complexes and phosphorylated forms of
p130 are typical of G0-phase cells derived from populations of
normal and immortalized cells and from cancer cell lines (4,
27, 28, 30, 61). Following E2 treatment, p130 was phosphory-
lated to the more slowly migrating form 3. This pattern is
similar to that following cell cycle reentry stimulated by serum
(27). These observations are consistent with earlier observa-
tions on E2 action (reviewed in reference 58) which demon-
strate both recruitment of noncycling cells into the cell cycle
and acceleration of G1-phase progression. Phosphorylation of
p130 is likely to be due to cyclin E-Cdk2 since p130 phosphor-
ylation coincided with both activation of cyclin E-Cdk2 and
formation of cyclin E-Cdk2-p130 complexes. Cdk2 can phos-
phorylate p130 in vitro (28, 68), and both cyclin E-Cdk2 and
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cyclin A-Cdk2 are capable of phosphorylating associated p130
(15, 24, 69). The p130-containing complexes contributed sub-
stantially to cyclin E-Cdk2 histone kinase activity since p130
immunodepletion of lysates prior to gel filtration resulted in a
significant diminution of cyclin E-associated kinase activity.
Others have reported increases in p130-associated histone ki-
nase activity during G1-phase progression (27, 68). However,
p130 has also recently been reported to inhibit cyclin E-Cdk2
histone kinase activity (9, 69) and to redirect cyclin E-Cdk2
substrate specificity from histone to pocket protein family
members (15), although the degree of phosphorylation of p130
in these studies was undefined. It is possible that phosphory-
lated p130 is less potent than hypophosphorylated p130 at
inhibiting cyclin E-Cdk2 histone kinase activity, and this could
account for the histone kinase activity associated with cyclin
E-Cdk2-p130 complexes following E2 treatment and following
c-Myc or cyclin D1 expression.

Finally, these results support the presence of an undefined
G1-phase rate-limiting step in these cells, as the timing of
S-phase entry was not closely tied to CDK activation or pocket
protein phosphorylation. Cdk4 activation had increased by 3 to
6 h following cyclin D1 induction and did not increase at all
following c-Myc induction. Pocket protein phosphorylation
was almost complete by 3 to 6 h following cyclin D1 induction
and by 10 to 16 h following either E2 treatment or c-Myc
induction, but the timing of S-phase entry was approximately
the same following all treatments. Conversely, cyclin E-Cdk2
activation occurred by 3 to 6 h with all treatments, but cells did
not enter S phase until 9 to 12 h after cyclin E-Cdk2 activation.
Taken together, these data demonstrate that S-phase entry was
still delayed despite the completion of a number of known
rate-limiting steps including c-Myc expression, G1-phase CDK
activation, and pocket protein phosphorylation. A recent re-
port demonstrates that cell size in fibroblasts is a requirement
for S-phase entry despite c-Myc-induced activation of CDKs
and hyperphosphorylation of pRB (43). A similar requirement
for a critical cell size may represent the undefined G1-phase
rate-limiting step identified here, and this requires further in-
vestigation.

In conclusion, we have identified that in antiestrogen-ar-
rested MCF-7 cells, increased expression of c-Myc and that of
cyclin D1 are separate events activating pathways that are
initially distinct. It is likely that both of these pathways con-
tribute to E2-induced G1-S-phase progression, and our results
support a predominant role for c-Myc in mediating estrogenic
actions. The convergence of these pathways on the formation
of active cyclin E-Cdk2 complexes deficient in p21 highlights a
fundamental role for p21 in E2 action.
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