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The steroid hormone progesterone regulates proliferation and differentiation in the mammary gland and
uterus by cell cycle phase-specific actions. The long-term effect of progestins on T-47D breast cancer cells is
inhibition of cellular proliferation. This is accompanied by decreased G1 cyclin-dependent kinase (CDK)
activities, redistribution of the CDK inhibitor p27Kip1 among these CDK complexes, and alterations in the
elution profile of cyclin E-Cdk2 upon gel filtration chromatography, such that high-molecular-weight com-
plexes predominate. This study aimed to determine the relative contribution of CDK inhibitors to these events.
Following progestin treatment, the majority of cyclin E- and D-CDK complexes were bound to p27Kip1 and few
were bound to p21Cip1. In vitro, recombinant His6-p27 could quantitatively reproduce the effects on cyclin
E-Cdk2 kinase activity and the shift in molecular weight observed following progestin treatment. In contrast,
cyclin D-Cdk4 was not inhibited by His6-p27 in vitro or p27Kip1 in vivo. However, an increase in the expression
of the Cdk4/6 inhibitor p18INK4c and its extensive association with Cdk4 and Cdk6 were apparent following
progestin treatment. Recombinant p18INK4c led to the reassortment of cyclin-CDK-CDK inhibitor complexes
in vitro, with consequent decrease in cyclin E-Cdk2 activity. These results suggest a concerted model of
progestin action whereby p27Kip1 and p18INK4c cooperate to inhibit cyclin E-Cdk2 and Cdk4. Since similar
models have been developed for growth inhibition by transforming growth factor b and during adipogenesis,
interaction between the Cip/Kip and INK4 families of inhibitors may be a common theme in physiological
growth arrest and differentiation.

The steroid hormones estrogen and progesterone have di-
verse functions in female physiology and are necessary for the
development of the reproductive organs, including the mam-
mary gland. These functions commonly entail regulation of cell
cycle progression; some of the largest physiological changes in
the rates of cell proliferation are mediated by steroid hor-
mones. The effects of progestins on cell proliferation are com-
plex and display both cell and tissue specificity (6). Progestins
have a transient stimulatory effect on breast cancer cells in
tissue culture (39), but this is followed by a predominant inhi-
bition of cell proliferation (6, 22, 63), consistent with the es-
tablished use of progestins as therapy for advanced breast
cancer (62). Like other effects of steroid hormones on cell
cycle progression, these responses are cell cycle phase specific,
such that only cells in G1 phase are sensitive. Consequently, G1
phase cyclin-dependent kinases (CDKs) have been implicated
as mediators of the effects of progestins in these cells (13, 38,
40).

The rate of transit through G1 phase is regulated by the
accumulation and activity of the G1 CDKs, cyclin D-Cdk4/6
and cyclin E-Cdk2. These kinases phosphorylate target sub-
strates including the pocket proteins Rb, p107, and p130 (52,
53, 66). Their activity is governed by changes in cyclin abun-
dance, interactions with CDK inhibitors, and regulatory phos-
phorylation (35, 53). Two structurally distinct classes of cellular
CDK inhibitors with different mechanisms of action exist. The
INK4 family, p16INK4a, p15INK4b, p18INK4c, and p19INK4d, form
binary complexes with Cdk4 and Cdk6, thereby preventing

assembly of active kinase holoenzymes (14–16, 21, 32). The
Cip/Kip family, p21Cip1, p27Kip1 and p57Kip2, inhibit a broad
range of cyclin-CDK complexes in vitro (18, 19, 29, 45, 61) but
display greater selectivity in vivo (3, 4, 26). These proteins have
dual functions, also acting as assembly factors for cyclin
D-Cdk4/6 complexes at low stoichiometry (26). Since they bind
multiple cyclin-CDK complexes with different affinities, the
effect of altered abundance depends on the balance between
the levels of different cyclin-CDK complexes and inhibitor
levels.

Progestin-mediated growth inhibition of breast cancer cells
is preceded by decreased cyclin abundance and marked de-
creases in CDK activity (13, 40). Following progestin treat-
ment, Cdk4 complexes contain increased amounts of p27Kip1

(but not p21Cip1) (40). In addition, inactive cyclin E-Cdk2-
p27Kip1 complexes which elute at high molecular mass (;200
kDa) upon gel filtration chromatography preferentially form
(40). These data suggest a model of progestin action in which
decreased CDK activity is due to both decreased cyclin abun-
dance and recruitment of CDK inhibitors, particularly p27Kip1,
to the remaining G1 cyclin complexes. This recruitment occurs
before any increase in p27Kip1 abundance is apparent (40).
Cyclin D-Cdk4/6 complexes in these cells bind much of the
cellular content of p27Kip1 and thus appear to act as a high-
capacity, low-affinity reservoir for p27Kip1; their decreased
abundance would make p27Kip1 available to bind cyclin E-
Cdk2, for which it displays a higher affinity (19). This interpre-
tation is supported by the observation that inducible expression
of cyclin D1 in progestin-pretreated cells leads to restoration
of cyclin E-Cdk2 activity and reappearance of the 120-kDa
active form of cyclin E (40).

This study aimed to identify the role of CDK inhibitors in
progestin-mediated growth arrest. Since it has been suggested
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that induction of p21Cip1 is important in progestin inhibition of
proliferation (13, 28), the relative contributions of p21Cip1 and
p27Kip1 were assessed. These experiments indicated a major
contribution from p27Kip1, and thus several aspects of the role
of p27Kip1 were examined. The large difference in apparent
molecular mass between the active and inactive cyclin E-Cdk2
complexes (;80 kDa) raises the possibility that p27Kip1 re-
cruits an unknown protein to the complex, or is itself recruited,
with the implication that increased p27Kip1 association may be
a secondary effect. Furthermore, increasing evidence indicates
that the level of p21Cip1 and p27Kip1 associated with Cdk4/6 is
affected by the abundance of INK4 inhibitors and that alter-
ation of this equilibrium can in turn affect the level of associ-
ation between cyclin E-Cdk2 and p21Cip1 or p27Kip1 (32, 43,
49). Although progestin-sensitive T-47D cells do not express
p16INK4a (20, 22a), it is possible that progestin regulation of
the abundance of other INK4 proteins contributes to the lack
of Cdk4 activity with consequent p27Kip1 redistribution. Fi-
nally, the likely contribution of increased p27Kip1 association to
decreased activity of cyclin D-Cdk4/6 complexes following pro-
gestin treatment is unclear. While in some experimental mod-
els the activity of cyclin D1-Cdk4 or cyclin D3-Cdk4 is appar-
ently inhibited by p27Kip1 (9, 24, 25, 27), in others active cyclin
D-Cdk4/6-p27Kip1 complexes have been demonstrated (3, 57),
likely because p27Kip1 does not reach levels sufficient to inhibit
cyclin D-associated kinases (3). We have thus investigated the
effects of recombinant p27Kip1 on CDK activity and apparent
molecular weight in T-47D breast cancer cell lysate and tested
the hypothesis that INK4 CDK inhibitors might be involved in
progestin inhibition of proliferation, identifying a role for
p18INK4c in this response.

MATERIALS AND METHODS

Cell culture and lysis. T-47D human breast cancer cells (obtained from the
EG & G Mason Research Institute, Worcester, Mass.) were cultured in RPMI
1640 medium supplemented with 5% fetal calf serum, insulin (10 mg/ml), and
gentamicin (20 mg/ml). The synthetic progestin ORG 2058 (16a-ethoxy-21-hy-
droxy-19-norpregn-4-en-3,20-dione; Amersham Australia, Castle Hill, New
South Wales, Australia) was dissolved in ethanol at 1,000-fold final concentration
and added to cells in exponential growth. Control cultures received ethanol to
the same final concentration. All cells were treated for 24 h unless otherwise
stated.

Cells were lysed as follows. Cell monolayers were washed twice with ice-cold
phosphate-buffered saline (PBS) and then scraped into ice-cold lysis buffer (50
mM HEPES [pH 7.5], 150 mM NaCl, 10% [vol/vol] glycerol, 1% 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) or ice-cold kinase lysis buffer (50 mM
HEPES [pH 7.5], 1 mM dithiothreitol [DTT], 150 mM NaCl, 10% [vol/vol]
glycerol, 0.1% Tween 20, 1 mM EDTA, 2.5 mM EGTA, 10 mM b-glycerophos-
phate, 10 mg of aprotinin per ml, 10 mg of leupeptin per ml, 1.0 mM phenyl-
methylsulfonyl fluoride, 0.1 mM sodium orthovanadate, 1 mM NaF). To confirm
the effectiveness of progestin treatment on cell cycle progression, an aliquot of
cell suspension was analyzed by single-parameter flow cytometric DNA analysis,
and the remainder was clarified and stored as described previously (40).

Generation and use of recombinant proteins. The Rb fusion protein substrate
for the Cdk4 activity assay was as used previously (40). Glutathione S-transferase
(GST)–cyclin E and His6-Cdk2 were coexpressed by baculovirus infection of
insect cells and purified as previously described (50). The GST tag was partially
removed from cyclin E by proteolysis, and the mixture was purified by nickel-
nitrilotriacetic acid (NTA) metal affinity chromatography (Qiagen, Clifton Hill,
Victoria, Australia) to isolate cyclin E bound to His6-Cdk2.

His6-p27 was expressed using a construct encoding hexahistidine-tagged
mouse p27Kip1 generously provided by Joan Massague. Protein was expressed as
previously described (46). Briefly, His6-p27 was expressed in Escherichia coli and
purified by sonication and nickel-NTA chromatography. Purified protein was
dialyzed against PBS and stored at 280°C. Recombinant His6-p27 of various
concentrations, control protein (His6-transglutaminase II; kindly provided by
Ming Jie Wu (Victor Chang Cardiac Research Institute, Sydney, Australia) or
PBS control was incubated with cellular lysates for 10 min at room temperature,
followed by gel filtration chromatography, kinase assay, and/or immunoprecipi-
tation and Western blotting. An N-terminal Flag-tagged p18INK4c bacterial ex-
pression vector was constructed by PCR cloning the full-length INK4c cDNA

into the pFLAG-2 vector (Eastman Kodak, New Haven, Conn.). Flag-p18 pro-
tein was expressed in E. coli and purified under nondenaturing conditions to
greater than 95% purity using Flag M2-agarose beads as directed by the manu-
facturer (Sigma Aldrich). Recombinant Flag-p18 or Flag-heregulin (10) was
incubated with 1.5 mg of whole cell extract from proliferating cells for 30 min at
37°C in 500 ml of an ATP-regenerating buffer (50 mM HEPES [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 1 mM ATP, 40 mM phosphocreatine, 0.05 mg of creative
phosphokinase per ml), essentially as described (65). Aliquots of reaction mix
were then diluted and immunoprecipitated for Western blot or cyclin E-depen-
dent kinase assay.

Western blot analysis and immunoprecipitation. For immunoprecipitation,
cell lysates were precleared by incubation with protein A-Sepharose beads
(Zymed, San Francisco, Calif.) (1 h, 4°C) and then immunoprecipitated by
incubation (2 h, 4°C) with cyclin E (C19), Cdk4 (H22), and Cdk6 (C21) anti-
bodies from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Affinity-purified
polyclonal antibodies to INK4 family proteins were a kind gift of David Parry
(DNAX Research Institute, Palo Alto, Calif.); those used for immunoprecipita-
tion were p15INK4b (13055) and p18INK4c (13062). Antibodies were chemically
cross-linked to the protein A-Sepharose beads by incubation in dimethyl pime-
limidate (5 mg/ml)–sodium tetraborate (0.2 M) (pH 9.0) for 30 min at room
temperature, essentially as described previously (17). The immunoprecipitated
proteins were washed with lysis buffer and resuspended in sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (63 mM
Tris-HCl [pH 6.8], 10% [vol/vol] glycerol, 2% SDS, 5% b-mercaptoethanol).
Depleted lysates were prepared for gel filtration chromatography by three
rounds of incubation with protein A-Sepharose beads (mock) or immunopre-
cipitation with p27Kip1 antibody alone or p21Cip1 and p27Kip1 antibodies simul-
taneously.

Samples of immunoprecipitated or total protein in SDS-PAGE sample buffer
were heated to 95°C for 3 min and then separated by SDS-PAGE and transferred
to nitrocellulose or polyvinylidene difluoride. The membranes were incubated
for 1 to 2 h at room temperature or overnight at 4°C with the following primary
antibodies: cyclin E (HE12), Cdk4 (C-22), and Cdk6 (C21) antibodies from
Santa Cruz Biotechnology; cyclin D1 antibody (DCS6) from Novocastra, New-
castle-upon-Tyne, United Kingdom; p21Cip1 (C24420) and p27Kip1 (K25020)
antibodies from Transduction Laboratories, Lexington, Ky.; Flag (M2) antibody
from Eastman Kodak. Affinity-purified polyclonal antibodies to p15INK4b

(13054), p18INK4c (13063), and p19INK4d (13067) were a gift of David Parry.
Following incubation (1 h at room temperature) with horseradish peroxidase-
conjugated sheep anti-mouse or donkey anti-rabbit secondary antibody (Amer-
sham Australia), specific proteins were visualized by chemiluminescence (Du-
pont NEN, Boston, Mass.). Where the proteins of interest were of sufficiently
different mobility, membranes were incubated either sequentially or simulta-
neously with several primary antibodies. If required, membranes were stripped as
described (40).

Kinase assays. The histone H1 kinase activity of cyclin E immunoprecipitates
from 100 mg of cellular protein was measured as previously described (47), using
10 mg of histone H1 as substrate. For Cdk4 assays, cells were harvested and lysed
using kinase lysis buffer as described above. Kinase activity of Cdk4 immuno-
precipitates from 400 mg of cellular protein from these lysates was measured
using 10 mg of GST-Rb773-928 fusion protein substrate as previously described
(47). The degree of background phosphorylation in Rb phosphorylation assays
was estimated from parallel control samples immunoprecipitated following
blocking of specific antibody binding with the appropriate antigenic peptide.
Following termination of kinase reactions samples were incubated at 95°C for 2
min in SDS-PAGE sample buffer and separated by SDS-PAGE (10% gel).

mRNA isolation and analysis. Total RNA was extracted (using a guanidinium
isothiocyanate-cesium chloride procedure), and the level of selected CDK inhib-
itor mRNA transcripts was quantitated by RNase protection assays following
manufacturer’s instructions (Riboquant in vitro transcription kit with h-CC2
template kit; PharMingen, San Diego, Calif.). Riboprobes were radiolabeled
with [a-32P]UTP.

Two-dimensional gel electrophoresis. Whole cell lysate was precipitated with
trichloroacetic acid, and the total protein pellet or immunoprecipitated proteins
were redissolved in IPG buffer, composed of 8 M urea, 100 mM DTT, 4%
CHAPS (Sigma), 0.5% (wt/vol) carrier ampholyte pH 3 to 10 (Pharmacia Bio-
tech, Uppsala, Sweden), 0.001% orange G, 10 mM NaF, 10 mM sodium pyro-
phosphate, 10 mg of aprotinin per ml, 10 mg of leupeptin per ml, and 200 mM
sodium orthovanadate. Samples in buffer were absorbed overnight into immo-
bilized pH gradient polyacrylamide gel strips (Immobiline Drystrip, pH 3 to 10,
11 cm; Pharmacia). Proteins were focused at 300 V for 5 h, then 1,000 V for 5 h,
and then 3,500 V for 14 h. The polyacrylamide strip was then treated with 2%
(wt/vol) DTT in equilibration buffer (0.025 M Tris [pH 8.9], 6 M urea, 2%
[wt/vol] SDS, 20% [vol/vol] glycerol, 0.2 M glycine) for 10 min followed by 2.5%
(wt/vol) iodoacetamide in equilibration buffer for 10 min. Proteins were then
separated in the second dimension by SDS-PAGE on a 6 to 12% gradient gel,
transferred to nitrocellulose, and Western blotted.

Gel filtration. Cell lysates prepared in kinase lysis buffer were filtered and
fractionated on a Hiload 16/60 Superdex 200 column/FPLC system (Pharmacia),
using 20 mM HEPES (pH 7.5)–250 mM NaCl–1 mM EDTA–0.1% (vol/vol)
b-mercaptoethanol–0.01% Tween 20 at a flow rate of 1.2 ml/min. The void
volume of the column was 45 ml. Fractions of 2 ml were collected between

2582 SWARBRICK ET AL. MOL. CELL. BIOL.



elution volumes of 50 and 95 ml. Column calibration was performed under the
same conditions using ferritin (440 kDa), aldolase (158 kDa), and ovalbumin (43
kDa). Eluted protein was concentrated prior to Western blotting: 500 ml of each
fraction was placed at 270°C for 3 h with 2.5 ml of acetone and 10 mg of carrier
bovine serum albumin protein; pellets were collected by centrifugation (15,000 3
g, 10 min, 4°C), and then resuspended by boiling for 4 min in 30 ml of SDS sample
buffer.

Image and data analysis. Images captured by PhosphorImager (Molecular
Dynamics 445 SI) or, for chemiluminescence, by densitometer scanning of X-ray
film (Molecular Dynamics PDSI), were quantitated using IP Lab Gel H software
(Signal Analytics, Vienna, Va.). Quantitation of protein levels by this method
was linear over the range of intensities measured. All figures were compiled using
Deneba Canvas 5.0 software.

RESULTS

Cyclin E is inactive and predominantly p27Kip1 bound after
ORG 2058 treatment. Inactivation of both cyclin E-Cdk2 and
cyclin D-Cdk4 complexes by progestins is accompanied by in-
creased p27Kip1 binding (40). However, p21Cip1 is induced by
progestins (13, 40). To assess the relative levels of these inhib-
itors associated with the major G1 cyclins, D1 and E, lysates
from vehicle- or ORG 2058-treated cells were depleted of
p27Kip1 alone, p21Cip1 alone, or both p27Kip1 and p21Cip1 by
immunoprecipitation, then fractionated by gel filtration chro-
matography, Western blotted, and compared to mock-depleted
samples. Three rounds of immunoprecipitation were per-
formed to give .90% depletion of p21Cip1 and/or p27Kip1 in all
fractions. As described previously (40), cyclin E from un-
treated cell lysate eluted as two peaks of ;120 kDa (kinase
active) and ;200 kDa (inactive), and following treatment only
the peak of ;200 kDa remained (Fig. 1A to D). Immunopre-
cipitation of p21Cip1 plus p27Kip1 depleted little of the ;120-
kDa cyclin E complexes from control lysates (Fig. 1C, fractions
8 to 10) compared to mock-depleted samples, while the com-
plexes of ;200 kDa (fractions 4 to 6) were partially depleted.
In contrast, immunoprecipitation of p27Kip1 alone was suffi-
cient to deplete the majority of cyclin E complexes following
ORG 2058 treatment (Fig. 1B). Additional depletion of

p21Cip1 from treated lysates had a minor effect (Fig. 1D),
consistent with the modest effect of depletion of p21Cip1 alone.
These results imply that following ORG 2058 treatment, the
majority of cyclin E is complexed with p27Kip1, and that the
transient induction of p21Cip1 accompanying progestin treat-
ment (13, 40) has little effect on cyclin E-Cdk2 activity.

Cyclin D1 eluted in two main peaks of ;160 and ;80 kDa
(Fig. 1E to H). The elution of the lower-molecular-weight form
of cyclin D1 was not affected by progestin treatment, and it
contained no kinase activity. Little was depleted by immuno-
precipitation of p21Cip1 and p27Kip1, and further immunopre-
cipitation experiments suggest it is not associated with Cdk4 or
Cdk6 (Fig. 1E to H, fractions 10 to 12, and data not shown). In
contrast, cyclin D1 of ;160 kDa eluted coincident with the
peak of complexed Cdk4 and Cdk6 protein and with Cdk4
activity from proliferating cells and is putatively bound to Cdk4
(Fig. 1E to H, fractions 4 to 8) (40). The majority of ;160-kDa
cyclin D1 from proliferating cells was depleted by p27Kip1, and
additional depletion of p21Cip1 had a minor effect (Fig. 1E and
G), as did depletion of p21Cip1 alone (not shown). Treatment
of cells with progestin resulted in a small increase in the pro-
portion of ;160-kDa cyclin D1 depleted by p27Kip1 and
p21Cip1 (compare Fig. 1E and G with Fig. 1F and H). Further-
more, Western blotting of similar experiments suggested that
cyclin D3 in complex with Cdk4/6 was highly depleted by
p27Kip1 immunoprecipitation both before and after treatment
(data not shown).

Given that the majority of cyclin D-Cdk4/6 complexes were
bound to p27Kip1, these data imply that active cyclin D1-
Cdk4/6 complexes contain p27Kip1 and perhaps, to a lesser
extent, p21Cip1. This assertion is corroborated by our observa-
tion that p21Cip1 and p27Kip1 immunoprecipitates from prolif-
erating cells contain an Rb kinase similar in activity to Cdk4
(data not shown). Given the small change in this association
following treatment, regulation of Cdk4/6 activity by progestins

FIG. 1. Association of p21Cip1 and p27Kip1 with cyclins and CDKs. Exponentially growing T-47D human breast cancer cells were treated with 10 nM ORG 2058
or ethanol vehicle, and lysates were collected 24 h after treatment. Lysates were depleted of p27Kip1 or p27Kip1 plus p21Cip1 with the relevant antibodies and protein
A-Sepharose beads or mock depleted with beads alone. Depleted lysates were fractionated by gel filtration chromatography on a 16/60 Superdex 200 column, and
protein complexes eluting in the range of 50 to 100 ml were collected into 2-ml fractions. Aliquots of fractions across the range of 58 to 81 ml (labeled fractions 1 to
12) were precipitated, analyzed by SDS-PAGE, and Western blotted with the indicated antibodies. Depleted samples (1) were loaded with the matching mock-depleted
sample (2) for comparison. Molecular weight estimates are made using proteins of known mass, including aldolase (158 kDa), which eluted in fraction 7. Lysates treated
and depleted as indicated were fractionated and blotted with a cyclin E antibody (A to D) or with an antibody to cyclin D1 (E to H). Fractions that failed to precipitate
as determined by protein staining are indicated by p.
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is unlikely to be mediated by altered association with p21Cip1

or p27Kip1.
Addition of p27Kip1 to control lysates is sufficient to mimic

the effects of ORG 2058 on cyclin E but not Cdk4 complexes.
The immunodepletion studies indicated that ORG 2058 treat-
ment increased association of p27Kip1 with cyclin E. Since
binding and inactivation of cyclin-CDK complexes by CDK
inhibitors can be regulated by posttranslational modification or
sequestration of the inhibitor (37, 56) as well as by changes in
the ratio of inhibitor to CDK, progestin treatment may induce
a change in the ability of p27Kip1 to bind cyclin E complexes.
The possibility that p27Kip1 was being covalently modified was
investigated using two-dimensional gel electrophoresis of cell
lysates followed by Western blotting. This revealed multiple
p27Kip1 isoforms in control lysates (Fig. 2A), consistent with
previous data (37). However, there was no change in the po-
sition or relative intensity of the four p27Kip1 isoforms follow-
ing treatment (Fig. 2A). Cyclin E-associated p27Kip1 represents
only a minority of total p27Kip1, and so to confirm that the
finding with whole cell extract also applied to this fraction of
p27Kip1, cyclin E immunoprecipitates from control and treated
lysates were analyzed in the same fashion. Western blotting of
p27Kip1 revealed a profile similar to whole cell lysate that was
unchanged by treatment (Fig. 2B). This result implies that
modifications to p27Kip1 itself do not account for the effects of
ORG 2058 on cyclin-CDK complexes.

To test the hypothesis that alterations in the stoichiometry of
p27Kip1 binding to cyclin E complexes might account for the
altered cyclin E elution profile and kinase activity, recombinant
His6-p27 was expressed in E. coli and used to determine if
addition of p27Kip1 to control lysates in vitro could recapitulate
the effects of progestins on cyclin E complexes. Addition of
His6-p27 but not the same concentration of a control protein
(His6-transglutaminase II [41]) caused a concentration-depen-
dent decrease in cyclin E-associated kinase activity to a mini-
mum of ;8% of untreated samples, identical to the level of
inactivation caused by ORG 2058 (Fig. 3A and B). A small
increase in the concentration of His6-p27 from ;34 to 182 pM
was sufficient to bring about a majority of this decrease. Similar
concentrations of recombinant p27Kip1 inhibited recombinant

cyclin A-Cdk2 complexes in vitro (3). In contrast, incubation of
control lysates with high concentrations (up to 300 nM) of
His6-p27 led to only a limited inactivation of Cdk4-associated
kinase activity (Fig. 3A). Taken together with the results shown
in Fig. 1, these data suggest that while p21Cip1 and p27Kip1 bind
a majority of cyclin D-Cdk4/6 complexes, p27Kip1 is unable to
inhibit Cdk4 activity in our system.

To determine whether the level of associated p27Kip1 re-
quired to inactivate cyclin E-Cdk2 in vitro was comparable with
that observed following progestin treatment in culture, cyclin E
was immunoprecipitated from progestin-treated lysates and
from control lysates that had been incubated with a range of
His6-p27 concentrations as described above. SDS-PAGE and
Western blotting for p27Kip1 revealed two bands consisting of
endogenous p27Kip1 and a slower-migrating band of exogenous
His6-p27 (Fig. 3C). When the ratio of total p27Kip1 bound to
cyclin E was compared for samples maximally inactivated by
ORG 2058 or by addition of His6-p27, it was apparent that the
relative amount of p27Kip1 binding to cyclin E under both
conditions was equivalent (Fig. 3A and C) although the ORG
2058-treated sample contained ;40% less cyclin E than the
comparable His6-p27-treated sample and hence had corre-
spondingly lower kinase activity (Fig. 3A). Incubation with
lower concentrations of His6-p27 led to partial kinase inacti-
vation and lower amounts of p27Kip1 bound to cyclin E com-
plexes. However, incubation with a control protein had no
effect on p27Kip1-cyclin E association. Given the correspon-
dence between the amount of p27Kip1 bound and cyclin E-
Cdk2 activity of His6-p27-inactivated samples compared with
ORG 2058-treated samples, it appears that binding of p27Kip1

contributes to the inactivation of cyclin E-Cdk2 observed fol-
lowing progestin treatment.

Progestin treatment causes a dramatic change in the elution
of cyclin E in gel filtration chromatography. To determine the
role of p27Kip1 in this change in elution profile, lysates from
control cells incubated with an excess of His6-p27 were ana-
lyzed by gel filtration chromatography and Western blotting
and compared to lysates from ORG 2058-treated cells. Addi-
tion of His6-p27 was sufficient to completely shift the ;120-
kDa cyclin E complexes to ;200 kDa, indistinguishable from
the shift resulting from ORG 2058 treatment (Fig. 4A).

These results suggest that p27Kip1 binding increases the ap-
parent molecular mass of cyclin E complexes by ;80 kDa, a
larger shift than predicted from its molecular weight. To test
whether p27Kip1 alone is sufficient to cause this shift or if other
factors present in cell extract are required, excess His6-p27 was
incubated with purified recombinant cyclin E-Cdk2 complexes.
The resulting complexes were isolated, analyzed by gel filtra-
tion chromatography, Western blotted for cyclin E, and com-
pared to recombinant cyclin E-Cdk2 alone. In the absence of
His6-p27, a peak of cyclin E protein composed of cyclin E-
Cdk2 complexes was observed at ;120 kDa (Fig. 4B, fractions
8 to 10). Following addition of His6-p27, this peak shifted to
;200 kDa, as was observed for cellular extracts (Fig. 4, frac-
tions 4 to 7). Immunoprecipitation of cyclin E from fractions 5
and 9 confirmed the presence of p27Kip1 in the ;200-kDa
complexes but not in the ;120-kDa complexes (data not
shown).

To further investigate the relationship between changes in
cyclin E-Cdk2 kinase activity and gel filtration profile, concen-
trations of His6-p27 sufficient to partially inhibit kinase activity
were incubated with extract from proliferating cells, analyzed
by kinase assay and gel filtration as above, and compared to
ORG 2058-treated lysate. Addition of 34 pM His6-p27 had
only a small effect on kinase activity and cyclin E-Cdk2 elution
profile (Fig. 5A). However, addition of 478 pM His6-p27

FIG. 2. Two-dimensional electrophoretic mobility of p27Kip1. T-47D cells
were treated and cellular extracts were collected as described for Fig. 1. (A)
Extracts from control and treated cells were precipitated, resuspended in IPG
buffer, separated by two-dimensional electrophoresis, and Western blotted with
a p27Kip1 antibody. (B) Cyclin E-associated p27Kip1 was immunoprecipitated
from control and treated lysates using a cyclin E antibody bound to protein
A-Sepharose beads. Immunoprecipitated proteins were resuspended in IPG
buffer, separated, and analyzed as for panel A. Approximate isoelectric points
are indicated.
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caused significant loss of kinase activity and a corresponding
decrease in the abundance of cyclin E in fractions 8 and 9 (Fig.
5B), which account for the majority of cyclin E-Cdk2 activity in
T-47D cells (40, 58). Higher concentrations of His6-p27 led to
;90% inhibition of kinase activity and essentially complete
loss of cyclin E protein in these fractions, comparable to the

effects of ORG 2058 (Fig. 5C and D). Thus, across the range of
His6-p27 concentrations used there was a clear relationship
between the level of cyclin E kinase inactivation and the pro-
portion of cyclin E complexes in the low (fractions 8 and 9)-
and high (fractions 4 to 6)-molecular-weight fractions. These
data demonstrate that the composition, activity, and stoichi-
ometry of cyclin E-Cdk2 complexes in ORG 2058-treated ly-
sates can be reproduced following the addition of His6-p27 to
control lysates. This provides strong evidence that p27Kip1

alone is responsible for the shift in gel filtration profile of cyclin
E and that it inactivates the cyclin E remaining after progestin
treatment.

Progestins increase p18INK4c levels and Cdk4/6 association
with consequent inhibition of cyclin E-Cdk2. In addition to the
effects on cyclin E complexes and activity, treatment of T-47D
cells with ORG 2058 results in ablation of Cdk4-associated
kinase activity within 24 h. We have previously ruled out in-
volvement of changes in the posttranslational modification of
Cdk4 by CDK-activating kinase (CAK) following progestin
treatment and have shown that inactivation is accompanied by
decreased cyclin D binding to Cdk4/6 (40). The failure of
His6-p27 to inhibit cellular Cdk4 in vitro (Fig. 3A) argues that
p27Kip1 does not play a significant role in the inhibition of
Cdk4 by ORG 2058 treatment. However, since the total levels
of cyclins D1 and D3 decrease by only ;50% following ORG
2058 treatment, it also seems unlikely that decreased Cdk4 and
cyclin D abundance can wholly explain the complete loss of
Cdk4-associated kinase activity. Thus, the potential involve-
ment of the INK4 family of inhibitors was investigated.

Previous reports indicate that in vivo, INK4 proteins form
binary complexes with Cdk4/6 (14–16, 21, 32). These com-
plexes elute at apparent molecular weights distinct from those
of free CDK molecules upon gel filtration (8, 43). In prolifer-
ating T-47D cells, there appears to be no shortage of low-
molecular-mass Cdk4, as typically ;50% of Cdk4 is found in
fractions of less than ;80 kDa. As a first step toward identi-

FIG. 3. Effect of His6-p27 addition on cyclin-CDK complex activity and com-
position. Recombinant His6-p27 was expressed in E. coli, purified on Ni-NTA
beads, and incubated with extract from proliferating T-47D cells in vitro over a
range of concentrations of His6-p27. (A) Cyclin E and Cdk4 were immunopre-
cipitated following incubation with His6-p27, the immune complexes were resus-
pended in kinase buffer, and associated kinase activity was determined by the
transfer of [32P]phosphate to histone H1 (cyclin E) or GST-Rb (Cdk4) as de-
scribed previously (40). To indicate the level of nonspecific Rb kinase activity in
Cdk4 assays, a sample was immunoprecipitated in the presence of the antigenic
peptide (Pep). (B) Kinase activity associated with cyclin E (E) or Cdk4 ({) from
multiple experiments was quantitated and graphed as percent control in the
absence of added His6-p27. Points with error bars are representative of at least
three independent experiments. (C) Cyclin E was immunoprecipitated from
the lysates incubated with His6-p27 and from ORG 2058-treated cell lysate; the
immune complexes were separated by SDS-PAGE and Western blotted with the
indicated antibodies. The ratio of intensities of total p27Kip1 to cyclin E in the
immunoprecipitate is shown.

FIG. 4. Effect of His6-p27 on the elution profile of cyclin E-Cdk2 complexes.
(A) Lysates from exponentially growing T-47D cells were incubated (as de-
scribed for Fig. 3) with .1 nM His6-p27. Lysates with or without added His6-p27
and lysates from ORG 2058-treated cells were fractionated in parallel by gel
filtration chromatography/SDS-PAGE and Western blotted with a cyclin E an-
tibody as described for Fig. 1. (B) Reproduction of cyclin E gel filtration shift
using recombinant components. Excess His6-p27 or buffer only was incubated
with a purified preparation composed of recombinant (GST-cyclin E)-(His6-
Cdk2) complexes which were partially proteolysed to cleave the GST epitope tag
from cyclin E. The resulting complexes were purified by Ni-NTA affinity chro-
matography to remove non-Cdk2-bound cyclin E, analyzed by gel filtration chro-
matography, and Western blotted for cyclin E as described for Fig. 1.
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fying the role of INK4 family CDK inhibitors, high-resolution
gel filtration chromatography was performed to determine
whether binary Cdk4/6-INK4 complexes might be present. Ly-
sates from control and treated cells were fractionated, and
fractions corresponding to the ;20- to 80-kDa range were
analyzed by Western blotting for Cdk4 and Cdk6. Prior to
treatment, most of the Cdk4 and ;50% of the Cdk6 in this
molecular mass range eluted in fractions corresponding to
their native molecular masses of 33 and 53 kDa, respectively
(Fig. 6A and B). Following treatment with ORG 2058, all of
the low-molecular-weight Cdk4 and Cdk6 eluted at apparent
molecular mass of ;20 kDa greater than expected for the
native protein, suggesting extensive association with a ;20-
kDa protein (Fig. 6A and B).

To confirm the presence of a ;20-kDa protein in Cdk4/6
complexes, T-47D cells were metabolically labeled with
[35S]methionine during treatment with ORG 2058 or vehicle,

Cdk4 was immunoprecipitated, and the immune complexes
were analyzed by SDS-PAGE and autoradiography. An 18-
kDa band which coimmunoprecipitated with Cdk4 more than
doubled in intensity following treatment (Fig. 6C) and was not

FIG. 5. Quantitation of the effect of His6-p27 on the elution profile of cyclin
E complexes. Lysate from exponentially growing cells was incubated with the
indicated concentrations of His6-p27 (Œ) as described for Fig. 3 and together
with lysate from ORG 2058-treated cells (F) was fractionated by gel filtration/
SDS-PAGE and Western blotted as described for Fig. 1. Densitometric analysis
of the Western blot data is displayed for each treatment compared to an un-
treated control sample without added His6-p27 (E). The relative cyclin E kinase
activity obtained from an aliquot of each incubation is also displayed.

FIG. 6. Binding of Cdk4 to a low-molecular-weight protein. (A) Lysates from
control and treated cells were fractionated by gel filtration as described for Fig.
1 and collected as 1-ml fractions. Aliquots of fractions corresponding to 79 to 92
ml (labeled fractions 1 to 14) were precipitated, resuspended in SDS sample
buffer, separated by SDS-PAGE, and Western blotted with antibodies to Cdk4
and Cdk6. Molecular weight estimates are made using proteins of known mass,
including albumin (43 kDa), which eluted in fraction 7. (B) Densitometric data
from Cdk4 and Cdk6 Western blots in panel A for untreated (E) and ORG
2058-treated (F) samples. (C) T-47D cells treated for 24 h with ORG 2058 or
ethanol vehicle were metabolically labeled with [35S]methionine 4 h prior to the
collection of lysates. Cdk4 was immunoprecipitated from the labeled lysates in
the presence and absence of antigenic peptide, and precipitated proteins were
detected by SDS-PAGE and autoradiography.
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apparent following preincubation of the Cdk4 antibody with
antigenic peptide.

The molecular weight of the coimmunoprecipitating band
suggested it was most likely a member of the INK4 family. The
INK4 family consists of four structurally and functionally-re-
lated proteins, p15INK4b, p16INK4a, p18INK4c, and p19INK4d.
The p16INK4a protein is not expressed in T-47D cells due to
methylation of the corresponding gene promoter (20, 22a). To
identify which of the INK4 proteins may be binding Cdk4 and
to measure the total INK4 protein levels, INK4 family mem-
bers were immunoprecipitated from T-47D cell lysate and
Western blotted. Both p15INK4b and p18INK4c were detected in
T-47D lysates, and in both cases, the total abundance increased
following progestin treatment (Fig. 7A). In contrast, p19INK4d

was not detected. Cdk4 and Cdk6 could not be detected in
p15INK4b immunoprecipitates but were readily detected in par-
allel p18INK4c immunoprecipitates (Fig. 7A). These data sug-
gest that p18INK4c is the only functionally relevant INK4 family
member in our system.

To investigate the temporal regulation of p18INK4c levels
and association with Cdk4 and Cdk6, lysates treated for various
times with ORG 2058 or ethanol were immunoprecipitated
using antibodies to p18INK4c and Cdk4 and Western blotted.
Total p18INK4c levels increased following treatment, reaching a
maximum of more than twofold induction over control by 18 h
after treatment (Fig. 7B). The absolute level of Cdk4-associ-
ated p18INK4c was clearly increased from 18 h and by 24 h was
more than three times greater than control levels (Fig. 7B).
Over the same time interval, total Cdk4 levels declined by
;40% (Fig. 7B) and the proportion of total cellular Cdk4
bound to p18INK4c following treatment increased so that ap-
proximately 50% of Cdk4 was bound to p18INK4c. Immunopre-
cipitation of p18INK4c from ORG 2058-treated gel filtration
fractions corresponding to the peak of Cdk4 at ;60 kDa de-
pleted a majority of Cdk4 (data not shown), demonstrating
that p18INK4c-associated Cdk4 constitutes a large proportion
of the Cdk4 below 100 kDa following ORG 2058 treatment.

Consistent with the view that p18INK4c preferentially forms
complexes with Cdk6 (14), when the level of p18INK4c-bound
Cdk6 was compared to the level in whole cell extract, an even
higher proportion of total Cdk6 was p18INK4c bound than for

Cdk4, suggesting association of a majority of Cdk6 with
p18INK4c following treatment. This increase in Cdk4- and
Cdk6-bound p18INK4c is likely responsible for the ;20-kDa
increase in apparent molecular mass of Cdk4 and Cdk6 fol-
lowing gel filtration chromatography (Fig. 6A and B).

While INK4 proteins were initially identified as inhibitors of
Cdk4/6, recent evidence suggests that an equally important
mode of action for INK4 proteins in cell cycle arrest is inhibi-
tion of Cdk2 activity. This is proposed to occur by preventing
Cip/Kip inhibitors from binding Cdk4/6, hence making inhib-
itors available to bind Cdk2 (32, 43, 48). Thus, increased bind-
ing of p18INK4c to Cdk4 may contribute to the accumulation of
p27Kip1 in cyclin E complexes and consequent inactivation of
cyclin E-Cdk2 complexes. An in vitro system was used to eval-
uate the ability of exogenous p18INK4c to cause such a redis-
tribution of p27Kip1 between CDK complexes. Purified recom-
binant Flag-p18 or a control protein, Flag-heregulin (10), was
incubated with lysates from proliferating cells, and the com-
positions and kinase activities of relevant cyclin-CDK com-
plexes were determined. Incubation of lysates with Flag-p18
led to the formation of Flag-p18-Cdk4 complexes and a reduc-
tion in the binding of cyclin D1 to Cdk4 compared to the
control protein (Fig. 8). Furthermore, binding of Cdk4 to Flag-
p18, but not Flag-heregulin, coincided with increased p27Kip1

binding to cyclin E (Fig. 8). Most importantly, incubation of
lysates with Flag-p18 led to inactivation of cyclin E kinase
activity by ;50% compared to the Flag-heregulin control (Fig.
8). Thus, increased p18INK4c levels are sufficient to trigger
redistribution of cyclin-CDK complexes with consequent ef-
fects on cyclin E-Cdk2 activity.

Progestins induce INK4c gene expression. Since the data
presented above indicate that both p18INK4c and p27Kip1 con-
tribute to progestin inhibition, mRNA levels were examined to
determine whether their increased abundance was mediated by
transcriptional activation of the corresponding gene. RNase
protection was used to simultaneously examine the expression
of the INK4 family and p27Kip1 in proliferating and progestin-
treated T-47D cells. Single bands were detected in samples
from proliferating cells at the expected fragment sizes, with
INK4c mRNA significantly more abundant than that of the
remaining INK4 family members (Fig. 9A). INK4b mRNA was
faint or undetectable, suggesting very low levels of expression
which may account for our inability to detect p15INK4b-associ-
ated Cdk4 or Cdk6 proteins. Similarly, INK4d mRNA was
present only at low levels, consistent with the lack of detectable
p19INK4d protein. Following progestin treatment, the level of

FIG. 7. Association of Cdk4 and INK4 inhibitors. (A) Lysates were prepared
as described for Fig. 1, and p15INK4b and p18INK4c immunoprecipitates were
Western blotted with the cognate antibodies and with antibodies to Cdk4 and
Cdk6 as indicated. (B) Lysates were prepared from T-47D cells treated for 6, 12,
18, or 24 h with ORG 2058 or ethanol vehicle; Cdk4 and p18INK4c complexes
were immunoprecipitated in parallel and Western blotted using the cognate
antibodies.

FIG. 8. Effect of Flag-p18 on the composition and activity of CDK com-
plexes. Whole cell extract (1.5 mg) from proliferating cells was incubated with 1
(1) or 25 (111) mg of Flag-p18 or 25 mg of Flag-heregulin (Flag-HRG; 111).
Cdk4 and cyclin E immunoprecipitates were assayed by Western blotting and/or
kinase assay as indicated.
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INK4c mRNA increased by 6 h and when normalized for
GAPDH expression peaked at an ;2-fold increase at 12 and
18 h, returning to baseline levels by 24 h (Fig. 9B). This change
was similar in magnitude to the increase in p18INK4c protein,
and preceded it by several hours, consistent with the interpre-
tation that this response is largely mediated by transcriptional
induction of p18INK4c.

The level of p27Kip1 mRNA following treatment was also
determined. Treatment of cells with ORG 2058 resulted in
little change in p27Kip1 mRNA, with at most ;50% induction
over control at 12 h (Fig. 9A). This suggests that the induction
of p27Kip1 protein apparent at 30 h (40) is due to a posttran-
scriptional mechanism.

DISCUSSION

This study investigates the role of Cip/Kip and INK4 family
CDK inhibitors in progestin inhibition of proliferation. We

show that the predominant Cip/Kip CDK inhibitor involved in
progestin inhibition of cell cycle progression is p27Kip1, and
that addition of p27Kip1 to breast cancer cell lysate is sufficient
to recapitulate the effects of progestin treatment on cyclin
E-Cdk2 activity and complex formation. Despite marked ef-
fects on cyclin E-Cdk2, added p27Kip1 had little effect on cyclin
D-Cdk4/6 activity. Rather, Cdk4 and Cdk6 are extensively
bound by the INK4 family inhibitor p18INK4c following proges-
tin treatment. Addition of p18INK4c to breast cancer cell lysate
displaced cyclin D1 from Cdk4, making p27Kip1 available to
bind cyclin E-Cdk2. Thus, the redistribution of p27Kip1 and
consequent inhibition of cyclin E-Cdk2 activity following pro-
gestin treatment apparently result at least in part from in-
creased p18INK4c levels.

Addition of p27Kip1 recapitulates the effects of progestin on
cyclin E-Cdk2. Progestin treatment leads to decreased cyclin
E-Cdk2 activity, accompanied by preferential formation of a
high-molecular-weight, p27Kip1-bound form of cyclin E-Cdk2.
Immunodepletion of p27Kip1 removed essentially all of the
high-molecular-weight, inactive form of cyclin E-Cdk2 follow-
ing progestin treatment, consistent with the hypothesis that
increased p27Kip1 association with cyclin E-Cdk2 is causally
related to the shift in cyclin E-Cdk2 elution profile and loss of
kinase activity. In contrast, little cyclin E was associated with
p21Cip1 either before or after progestin treatment, arguing
against a role for p21Cip1 in inhibition of cyclin E-Cdk2. Un-
expectedly, in lysates from exponentially proliferating cells a
minority of high-molecular-weight cyclin E-Cdk2 was p27Kip1

associated, and a significant fraction was not bound to either
p21Cip1 or p27Kip1. These data suggest that rather than altering
the equilibrium between the two predominant forms of cyclin
E-Cdk2 in T-47D cells, progestin treatment results in the pref-
erential formation of a p27Kip1-bound species of cyclin E-Cdk2
at the expense of the existing species present in untreated cells.
Given their apparent high molecular weight, these cyclin E-
Cdk2 complexes in proliferating cells may contain proteins in
addition to cyclin E and Cdk2, an interpretation supported by
the presence of an ;110-kDa protein in cyclin E immunopre-
cipitates of the 200-kDa peak in [35S]methionine-labeled con-
trol but not progestin-treated lysates (A. Swarbrick, unpub-
lished data). This protein remains unidentified but does not
appear to be one of the pocket proteins known to bind to cyclin
E-Cdk2 (2, 8) since preliminary experiments failed to detect
them in cyclin E immunoprecipitates.

When increasing amounts of His6-p27 were added to T-47D
lysates, cyclin E-Cdk2 activity decreased over a narrow range
of His6-p27 concentration. Over the same concentration range,
the 120-kDa peak of cyclin E-Cdk2 was converted to a 200-kDa
form, demonstrating that both the shift in elution profile and
decrease in kinase activity can result from p27Kip1 association
with cyclin E-Cdk2. These responses appeared to be closely
linked, such that there was an inverse correlation between the
proportion of cyclin E-Cdk2 in the 120-kDa peak and cyclin
E-Cdk2 activity. The ;80-kDa difference in apparent molecu-
lar mass between the p27Kip1-bound and p27Kip1-free, active
cyclin E-Cdk2 raised the possibility that p27Kip1 binding alone
did not account for the alteration in elution profile. However,
recombinant cyclin E-Cdk2 coeluted with the ;120-kDa active
form of cellular cyclin E and increased in molecular mass to
;200 kDa after incubation with purified recombinant His6-
p27, coincident with the high-molecular-weight form of cyclin
E-Cdk2 present after progestin treatment. p27Kip1 is therefore
sufficient to shift the profile of preexisting cyclin E-Cdk2 com-
plexes, rather than requiring the degradation of ;120-kDa
complexes or formation of ;200-kDa complexes de novo.

Preliminary data suggest that cyclin E-Cdk2 complexes con-

FIG. 9. Transcriptional regulation of INK4 family genes by progestins. Ten
micrograms of total RNA from T-47D cells treated with ORG 2058 or vehicle at
various time points was subjected to RNase protection analysis using a template
set focused on cell cycle inhibitors according to the manufacturer’s instructions
(hCC-2; Pharmingen). Protected fragments corresponding to mRNA encoding
p18INK4c, p27Kip1, and p19INK4d are shown in comparison with the fragment
encoding the metabolic enzyme GAPDH as a control for RNA loading. (B)
Densitometric values for levels of mRNA encoding p18INK4c are expressed as a
percentage of averaged control values. The values for 6, 12, 18, and 24 h repre-
sent averages of two independent experiments.
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taining His6-p27 do not also contain endogenous p27Kip1, con-
sistent with the interpretation that binding of a single p27Kip1

molecule is sufficient to inhibit kinase activity (Swarbrick, un-
published data). Furthermore, essentially complete inhibition
of kinase activity occurred at levels of p27Kip1 which were not
sufficient to saturate the binding capacity of cyclin E-Cdk2.
This finding supports the interpretation that binding of a single
p27Kip1 molecule to cyclin E-Cdk2 is sufficient to both inhibit
kinase activity and alter the apparent molecular mass to ;200
kDa.

Regulation of p27Kip1 has been suggested to be primarily by
posttranslational mechanisms involving obligatory phosphory-
lation, nuclear export, and subsequent degradation of p27Kip1

protein (51, 55, 64). Consistent with this view, analysis of
mRNA levels indicated that progestins do not significantly
upregulate the levels of p27Kip1 mRNA. However, examination
of p27Kip1 protein half-life following labeling with [35S]methi-
onine did not provide evidence for early alterations in p27Kip1

stability (C. S. L. Lee, unpublished data). Two-dimensional gel
electrophoresis revealed no change in the phosphorylation sta-
tus of p27Kip1 following progestin treatment, nor was there an
effect on its subcellular compartmentalization (Swarbrick, un-
published data). Cdk2 can phosphorylate p27Kip1, and this step
is sufficient, and perhaps necessary, for ubiquitination and deg-
radation of p27Kip1 by the proteosome (34, 42). Accumulation
of p27Kip1 occurs .30 h after progestin treatment, likely due to
stabilization of the p27Kip1 protein resulting from a lack of
Cdk2 activity. The reassortment of p27Kip1 among cyclin-CDK
complexes thus apparently reflects alterations in the levels of
other components of these complexes, with its late increase in
abundance a consequence rather than a cause of decreased
CDK activity.

Inhibition of cyclin D-Cdk4 activity is not due to association
with p27Kip1. In T-47D breast cancer cells, Cdk4 is the major
cyclin D-associated CDK (58), and we have thus focused on
regulation of Cdk4 activity as a marker of cyclin D action.
Since addition of recombinant His6-p27 inhibited Cdk4 activity
by only ,30% at concentrations well in excess of those re-
quired to wholly inhibit cyclin E-Cdk2, p27Kip1 appears un-
likely to make a major contribution to decreases in Cdk4 ac-
tivity in T-47D cells. This observation is consistent with the
demonstration that both in vivo and in vivo p27Kip1 can inhibit
Cdk2 at concentrations where Cdk4 is unaffected (3).

The majority of cyclin D1 coelutes with the major peak of
complexed, active Cdk4 and Cdk6 at ;160 kDa upon gel fil-
tration chromatography (30, 40). Both before and after pro-
gestin treatment, essentially all of the cyclin D1 and D3 of this
molecular mass was associated with either p21Cip1 or p27Kip1.
While cyclin D1 can bind p27Kip1 independently of association
with a CDK (61), this suggests that p27Kip1 and p21Cip1 are
present in most of the cyclin D-CDK complexes, consistent
with their role as assembly factors (5, 26), and that the active
cyclin D-CDK complexes in control cells contain p21Cip1 or
p27Kip1. In support of this interpretation, p27Kip1 and p21Cip1

immunoprecipitates from T-47D cell lysate phosphorylated Rb
in vitro.

Role of INK4 family CDK inhibitors in progestin action.
Several lines of evidence demonstrate that p18INK4c plays an
important role in the inhibition of CDK activity following pro-
gestin treatment. Gel filtration chromatography and Cdk4 im-
munoprecipitates from [35S]methionine-labeled cells indicated
that Cdk4 bound an ;20-kDa protein which increased in abun-
dance after progestin treatment. Immunoblotting with specific
antibodies indicated that this protein was p18INK4c. The abun-
dance of p15INK4b and its association with Cdk4 also increased,
but immunoblotting of parallel p15INK4b and p18INK4c immu-

noprecipitates indicated that p18INK4c-Cdk4/6 complexes are
present in much greater abundance than p15INK4b-Cdk4/6
complexes. Since p19INK4d and p16INK4a are apparently not
expressed, p18INK4c appears to be the major INK4 family
member in these cells.

In contrast with Cdk4, where the low-molecular-weight peak
was largely monomeric in control cells, the elution profile of
Cdk6 suggested that a significant proportion was bound to
p18INK4c even in untreated cells. This observation is consistent
with the finding that p18INK4c displays preference for stable
complex formation with Cdk6 over Cdk4 (14, 43) and perhaps
accounts for the relative lack of cyclin D-Cdk6 complex for-
mation in these cells (58). Although data from some cell lines
suggest that stable p18INK4c-Cdk4 complexes do not form in
exponentially growing cells (14, 43), p18INK4c was clearly
present in Cdk4 immunoprecipitates from control cells, and
the elution profile of Cdk4 in the low-molecular-weight range
indicates that this complex accounts for 20% of Cdk4 prior to
treatment. The increased p18INK4c-Cdk4 interaction following
progestin treatment is likely favored not only by increased
p18INK4c abundance but also by the decreased levels of com-
peting D-type cyclins.

Unlike Cip/Kip inhibitors, p18INK4c displays a restricted ex-
pression pattern and thus may function in a tissue-specific
manner (14, 21). During adipogenesis, myogenesis, and B-cell
terminal differentiation, p18INK4c accumulates to high levels,
suggesting a role in the initiation or maintenance of growth
arrest during differentiation (12, 36, 44). The progestin regu-
lation of p18INK4c in breast cancer cells demonstrated here is
to our knowledge the first demonstration of steroidal regula-
tion of INK4 family CDK inhibitors and suggests that p18INK4c

may be involved in the induction of differentiation in progestin
target tissues in vivo.

Mechanisms of CDK inactivation by progestins: coopera-
tion between p27Kip1 and p18INK4c. The data presented here
and in previous publications (13, 40) suggest a model for pro-
gestin inhibition of proliferation in which p27Kip1 inhibition of
cyclin E-Cdk2 and p18INK4c inhibition of Cdk4/6 cooperate
with reduced cyclin D and E abundance to bring about growth
inhibition. A model involving cooperation between p18INK4c

and p27Kip1 shares many features with the proposed mecha-
nisms for transforming growth factor b inhibition of prolifer-
ation, in which p15INK4b acts jointly with p27Kip1 to inhibit the
activity of the major G1 cyclin complexes (48, 49). Interest-
ingly, recent data indicate that p18INK4c and p27Kip1 lie on
separate but functionally linked pathways during pituitary tu-
morigenesis (11) and that they interact to cause growth arrest
during adipogenesis (44). Furthermore, p19INK4d and p21Cip1

are implicated in the growth arrest of macrophages after alpha
interferon treatment (31). Thus, cooperation between INK4
and Kip/Cip family CDK inhibitors appears to be a potent
mechanism for physiological inhibition of cell proliferation and
perhaps the induction of differentiation, since p18INK4c and
p19INK4d have been implicated in this process (1, 12, 36, 44).

The interaction between INK4 inhibitors and p27Kip1 or
p21Cip1 can occur at several levels. They target complementary
subsets of G1 cyclin-CDK complexes, and in addition the bal-
ance between them is a determinant of the formation of dif-
ferent cyclin-CDK-inhibitor complexes. INK4-Cdk4 complexes
increase in cells lacking p21Cip1 and p27Kip1 (5), and con-
versely, induction of ectopic p16INK4a or p15INK4b favors the
interaction of p27Kip1 and p21Cip1 with Cdk2 over Cdk4,
thereby leading to the inhibition of both Cdk4 and Cdk2 (23,
32, 33, 48, 49, 65). Similarly, addition of recombinant p18INK4c

to breast cancer cell lysate led to a decrease in cyclin D1-Cdk4
complexes, releasing sufficient p27 to decrease cyclin E-Cdk2
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activity by ;50%. Thus the ability to induce reassortment of
cyclin-CDK complexes with consequent inhibition of cyclin
E-Cdk4 as well as Cdk4/6 (32, 43, 48, 49) appears to be a
property shared by all the INK4 family inhibitors. In progestin-
treated breast cancer cells, increased p18INK4c may comple-
ment decreased cyclin D1 in making p27Kip1 available for bind-
ing to cyclin E-Cdk2, thus accounting for elevated p27Kip1

binding to this complex before substantial changes in p27Kip1

abundance are observed (40). The maximal induction of
p18INK4c mRNA at 12 to 18 h is one of the earliest responses
implicated in progestin inhibition of proliferation, preceding
the changes in cyclin D1 and cyclin E mRNA by ;6 h, thus
suggesting that this induction is one of the events triggering
subsequent decreases in CDK activity.

The combination of reduced cyclin D levels and increased
p18INK4c levels is expected to significantly diminish the associ-
ation of Cdk4/6 with D-type cyclins. The increasing predomi-
nance of p18INK4c-Cdk4 complexes over cyclin D-Cdk4 is il-
lustrated by the increased abundance of low-molecular-weight
forms of Cdk4 and the increased fraction of these bound by
p18INK4c. An approximately 2-fold increase in p18INK4c to-
gether with a ;50% decrease in Cdk4 (40) would lead to an
expected ;4-fold increase in p18INK4c association with Cdk4,
consistent with data presented in Fig. 7 and with the substantial
shift in the elution profile of low-molecular-weight Cdk4. This
is, however not sufficient to prevent formation of cyclin D1-
Cdk4 complexes, since cyclin D-Cdk4 complexes are present
following progestin treatment, as indicated by the coimmuno-
precipitation of cyclins D1 and D3 with Cdk4 in the ;150- to
200-kDa molecular size range (40). These complexes lack ac-
tivity for reasons which remain unclear.

The model for progestin inhibition outlined here is based on
data from breast cancer cells in tissue culture. Progestins do,
however, inhibit proliferation in several different physiological
settings, notably their inhibition of estrogen-induced prolifer-
ation in uterine epithelium (6), raising the question of the
generality of these mechanisms. Recent data have demon-
strated that in the mouse uterus progestin inhibition of the
mitogenic response to estrogen is accompanied by lack of cy-
clin D1-Cdk4 nuclear translocation and inhibition of cyclin
E-Cdk2 activation (60). With the exception of p27Kip1, CDK
inhibitors were present at low levels and not significantly reg-
ulated by hormone treatment. Progesterone did not prevent
the downregulation of p27Kip1 following estrogen treatment
(60), in contrast with data indicating induction of p27Kip1 in the
human endometrium following progestin treatment (54). Fur-
thermore, in the uterus of p272/2 mice progestins are able to
inhibit estrogen activation of cyclin E-Cdk2 activity (59, 60),
perhaps due to inhibition of cyclin E induction. A more quan-
titative analysis will be necessary to define the relative roles of
p27Kip1 and cyclin E in progestin action in the uterus. In breast
cancer cells and uterine epithelium, progestins apparently uti-
lize different mechanisms for inhibition of cyclin D1-Cdk4,
since translocation of cyclin D1 was not observed in T-47D
cells following progestin treatment (Swarbrick, unpublished
data). Further experimentation will be required to identify
whether this relates to differences in tissue type, altered control
mechanisms accompanying oncogenesis, or simply a different
balance between similar components. However, despite differ-
ences in the precise mechanisms, in both cell types cyclin D-
and cyclin E-dependent kinases are targeted by multiple, in-
terdependent pathways.
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