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p27Kipl is an inhibitor of the cyclin-dependent kinases and it plays an inhibitory role in
the progression of cell cycle through G1 phase. To investigate the mechanism of cell cycle
inhibition by p27Kipl, we constructed a cell line that inducibly expresses p27Kipl upon
addition of isopropyl-l-thio-13-D-galactopyranoside in the culture medium. Isopropyl-1-
thio-,3-D-galactopyranoside-induced expression of p27Kipl in these cells causes a specific
reduction in the expression of the E2F-regulated genes such as cyclin E, cyclin A, and
dihydrofolate reductase. The reduction in the expression of these genes correlates with
the p27Kipl-induced accumulation of the repressor complexes of the E2F family of
factors (E2Fs). Our previous studies indicated that p21WAF1 could disrupt the interac-
tion between cyclin/cyclin-dependent kinase 2 (cdk2) and the E2F repressor complexes
E2F-p130 and E2F-p107. We show that p27Kipl, like p21WAF1, disrupts cyclin/cdk2-
containing complexes of E2F-p130 leading to the accumulation of the E2F-p130 com-
plexes, which is found in growth-arrested cells. In transient transfection assays, expres-
sion of p27Kipl specifically inhibits transcription of a promoter containing E2F-binding
sites. Mutants of p27Kipl harboring changes in the cyclin- and cdk2-binding motifs are
deficient in inhibiting transcription from the E2F sites containing reporter gene. More-
over, these mutants of p27Kipl are also impaired in disrupting the interaction between
cyclin/cdk2 and the repressor complexes of E2Fs. Taken together, these observations
suggest that p27Kipl reduces expression of the E2F-regulated genes by generating
repressor complexes of E2Fs. Furthermore, the results also demonstrate that p27Kipl
inhibits expression of cyclin A and cyclin E, which are critical for progression through the
G1-S phases.

INTRODUCTION

The cyclin-dependent kinase inhibitor p27Kipl is be-
lieved to play an important role in controlling the
entry and exit from the cell cycle (Roberts et al., 1994;
Sherr and Roberts, 1995). p27Kipl was discovered as
an inhibitory activity induced by antimitogenic sig-
nals (Koff et al., 1993; Firpo et al., 1994; Polyak et al.,
1994a,b; Slingerland et al., 1994; Toyoshima and
Hunter, 1994). p27 expression increases in cells grown
to high density or in those deprived of serum mito-

t Corresponding author.

gens (Coats et al., 1996). Antimitogenic agents such as
cyclic AMP and rapamycin also stimulate expression
of p27 (Kato et al., 1994; Nourse et al., 1994). Increased
expression of p27 correlates with cell cycle arrest at G1
(Coats et al., 1996). Moreover, p27 has been shown to
cooperate with an INK4 family cyclin-dependent ki-
nase (cdk) inhibitor, p15, to induce a G1 arrest in
response to transforming growth factor f (Reynisdot-
tir et al., 1995). Experiments with an antisense oligo-
nucleotide that specifically reduces p27 indicated a
role of p27 in the restriction point control of the fibro-
blast cell cycle (Coats et al., 1996). Targeted gene dis-
ruption experiments also indicated an antiprolifera-
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tive role of p27. Mice lacking the p27 gene exhibit,
besides other defects, enhanced growth, multiorgan
hyperplasia, and tumorigenesis (Fero et al., 1996;
Kiyokawa et al., 1996). Also deletion of the p27 gene,
like deletion of the retinoblastoma (Rb) gene, caused
development of pituitary tumors, suggesting the pos-
sibility of an overlap between the growth suppression
pathways of p27 and Rb (Fero et al., 1996).
p27Kipl inhibits cell growth by binding to and in-

hibiting the function of the cdks (Roberts et al., 1994;
Toyoshima and Hunter, 1994; Sherr and Roberts,
1995). For example, cell cycle arrest in immortalized
mouse fibroblasts correlates with a down-regulation
of the cyclin E-cdk2 and cyclin A-cdk2 activities, and
that coincides with an increased binding of p27 to
these kinases (Coats et al., 1996). However, the molec-
ular events downstream of cdk inhibition are not fully
understood. The cdk kinases have been shown to
phosphorylate the Rb family proteins and the mem-
bers of the E2F family factors (Nevins, 1992; Dynlacht
et al., 1994; Krek et al., 1994; Weinberg, 1995 and ref-
erences therein). Because Rb and E2F families of pro-
teins regulate transcription through the E2F-binding
site, it is possible that an increased level of p27 would
modify activities of these proteins and alter expression
of the E2F-regulated genes. The E2F family of proteins
(E2Fs) control expression of several genes that are
important for progression through G1 (Nevins, 1992;
DeGregori et al., 1995). Therefore, determination of a
link between p27 and the E2F family of proteins will
provide insight into the events downstream of cdk
inhibition.
E2Fs bind to the Rb family proteins, Rb, p130, and

p107, to form complexes that are believed to be repres-
sors of E2F-dependent transcription (Nevins, 1992;
Zhu et al., 1993; Vairo et al., 1995; Weintraub et al.,
1995; Shiyanov et al., 1996). Rb has been shown to bind
E2F1, E2F2, E2F3, and E2F4 (Ikeda et al., 1996; Moberg
et al., 1996 and references therein) whereas p107 and
p130 bind E2F4 and E2F5 (Sardet et al., 1995; Vairo et
al., 1995). It is speculated that these repressor com-
plexes of E2Fs inhibit expression of genes involved in
cell cycle progression (Nevins, 1992; Zhu et al., 1993;
Sellers et al., 1995; Shiyanov et al., 1996; Vairo et al.,
1995; Weintraub et al., 1995). Moreover, several lines of
evidence have indirectly implicated these repressors
as downstream targets of the cdk inhibitors. It has
been suggested that the interaction between Rb and
E2Fs is inhibited by the cdk kinase-mediated phos-
phorylation of Rb (Nevins, 1992; Weinberg, 1995; Fero
et al. 1996). Therefore, an inhibition of the cdk kinases
would increase the interaction between Rb and E2Fs,
leading to a repression of the E2F-regulated genes.
However, in vivo evidence for an increased accumu-
lation of the E2F-Rb complex in response to cdk in-
hibitors is not available.

A variety of growth-arrested cells contain E2Fs
bound to the Rb family protein p130. A recent study
indicated that the E2F-p130 complex is a marker for
cells in Go (Smith et al., 1996). The E2F-p130 complex,
like the E2F-Rb complex, is believed to be a negative
regulator of E2F-dependent transcription (Cobrinik et
al., 1993; Vairo et al., 1995; Shiyanov et al., 1996). Pro-
gression through G1 correlates with a cyclin-depen-
dent binding of cdk2 to the E2F-p130 complex (Co-
brinik et al., 1993; Vairo et al., 1995; Shiyanov et al.,
1996; Smith et al., 1996). In S-phase, the p130-contain-
ing complex is replaced by p107-containing complex
(Cobrinik et al., 1993; Moberg et al., 1996; Shiyanov et
al., 1996; Smith et al., 1996). In vitro studies with re-
constituted E2F-p107-cyclin A-cdk2 complex indi-
cated an incubation with ATP causes release of free
E2F (Zhu et al., 1995). Thus, it is possible that cdk2
binding eventually leads to a loss of the repressor
complexes involving p107 or p130. Recent studies also
indicated that the cdk2-containing complexes of E2F
are targets of the cdk inhibitors. For example, activa-
tion of p53 causes a disruption of the interaction be-
tween cdk2 and the E2F-p130 complex, which corre-
lates with an expression of the cdk inhibitor p21
(Shiyanov et al., 1996). Moreover, an in vitro incuba-
tion of p21 with a partially purified preparation of the
E2F-pl30-cyclin-cdk2 complex resulted in a dissoci-
ation of the cdk2-containing complex, leading to the
accumulation of the E2F-p130 complex (Shiyanov et
al., 1996). Similar results were also obtained with the
E2F-p107-cyclin-cdk2 complex (Afshari et al., 1996).
p27 exhibits structural and functional similarities

with p21 (Toyoshima and Hunter, 1994). Moreover, an
exit from the cell cycle in fibroblasts is accompanied
by the accumulation of both p27 and the E2F-p130
complex. Therefore, we investigated whether p27
plays a role in the accumulation of the E2F-p130 com-
plex. Here, we provide evidence that p27 disrupts the
interaction between E2F-p130 and cdk2, leading to an
accumulation of the E2F-p130 complex. Accumulation
of the E2F-p130 complex correlates with a loss of
expression of several E2F-regulated genes. In transient
transfection assays, expression of p27 specifically in-
hibits transcription from promoters containing E2F-
binding sites. Moreover, mutants of p27 harboring
changes in the cyclin- and cdk2-binding motifs were
impaired in their ability to inhibit E2F-regulated tran-
scription, which also correlated with their inability to
generate the repressor complexes of E2F.

MATERIALS AND METHODS

Construction of the IPTG-inducible LAP3-p27 Cell
Line
LAP3-p27 is a single-cell clone derived from LAP3 cells (Pestov and
Lau, 1994) cotransfected with pHyg (Sudgen et al., 1985) and pX12-
p27, which contains the mouse p27 cDNA under the control of the
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isopropyl-l-thio-13-D-galactopyranoside (IPTG)-inducible promoter
in pX12. The mouse p27 cDNA clone was a kind gift from T. Hunter
(Salk Institute, La Jolla, CA). pX12 is slightly modified from the
pXll vector (Pestov and Lau, 1994), resulting in a lower level of
background expression. Stably transfected cells were selected in
medium containing hygromycin (150 ,ug/ml, Life Technologies,
Gaithersburg, MD) for 2 weeks; single-cell clones were obtained by
limit dilution and tested for IPTG-inducible expression of p27.
LAP3-p27 showed a low background level of p27 expression, high
inducibility, and growth inhibition when p27 was expressed using
the SETGAP assay (Pestov and Lau, 1994).

Cell Extracts and Gel Retardation Assays
Whole-cell extracts were prepared following a previously described
procedure (Shiyanov et al., 1996). E2F complexes were assayed by
using a previously published procedure (Shiyanov et al., 1996).
Briefly, the extracts were incubated in reaction mixtures (30 ,ul total
volume) containing 20 mM HEPES (pH 7.9), 40 mM KCl, 1 mM
MgCl2, 0.1 mM dithiothreitol, 30 ,ug/ml salmon sperm DNA, 0.01%
Nonidet P40, and 0.2 ng of 32P-labeled E2F-specific DNA probe that
contained a single E2F-binding site (Shiyanov et al., 1996). After an
incubation at room temperature for 20 min, 4 ,ul of 20% Ficoll were
added. Aliquots (7.5 ,ul) of the reaction mixtures were analyzed by
gel retardation assays as described before (Shiyanov et al., 1996).

Assays of cdk2 and cdk4 Kinase Activities
The cdk2 and cdk4 kinase activities in the immunoprecipitates
obtained with specific antibodies were performed following a pre-
viously described procedure (Morozov et al., 1997).

Immunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting were performed follow-
ing previously described procedures (Shiyanov et al., 1996). p130
and cdk2 antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). DP1 antibody was a kind gift from Chin-Lee
Wu (Ed Harlow's laboratory at the Massachusetts General Hospital
Cancer Center, Harvard University, Boston, MA).

RNase Protection Assay
RNase T2 protection assays using antisense RNA probes and total
cellular RNA were performed following a previously described
procedure (Morozov et al., 1994; Lee et al., 1996). The antisense probe
for the dihydrofolate reductase (DHFR)-mRNA was obtained by
subcloning a EcoRI-HindIII DHFR-fragment from pST410 (a kind
gift from P.J. Farhnam, University of Wisconsin, Madison, WI) in
pGEM 3Z(+) vector and by transcribing with SP6 RNA polymerase.
The cyclin Dl probe was obtained by digesting the plasmid pcBZ054
(a gift from C. Sherr, St. Jude Children's Research Hospital, Mem-
phis, TN) with NcoI and by transcribing with T3 RNA polymerase.
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe
was described before (Morozov et al., 1994; Lee et al. 1996).

Northern Blots
Northern blot assays for cyclin E and cyclin A mRNAs were per-
formed following a previously described procedure (Morozov et al.,
1995). Briefly, 10 ,ug of total cellular RNA were separated by 1.2%
agarose-formaldehyde (0.41 M) gels followed by blotting to Nylon-1
(Life Technologies). The blots were probed with labeled DNA ob-
tained by nick translation of human cyclin E, cyclin A cDNAs, or
mouse c-myc cDNA.

Construction of p27 Mutants
p27 mutants harboring alanine substitutions within the cyclin A-
binding site between residues 30 and 33 (p27 mC) or within the

cdk2-binding site between residues 60 and 64 (p27 mK) were con-
structed by site-directed mutagenesis using a two-step polymerase
chain reaction (PCR) procedure. Two overlapping internal oligo-
primers containing the altered sequences in opposite orientation
along with outside primers were used in two separate PCRs. p27
cDNA was used as the template. The PCR products were gel puri-
fied, combined, and used as template for the second PCR. The
outside primers were used to obtain the full-length products. The
outside primers contained EcoRI and BamHI sites. The PCR prod-
ucts were digested with EcoRI-BamHI and cloned in-frame with
glutathione S-transferase (GST) in pGEX-KG or into the mammalian
expression vector pcDNA3 (Invitrogen). For p27 mC, the internal
primers were TGACGGGGCCGGCGGCAGCTGCGCAGGCGGAA
and TTCCGCCTGCGCAGCTGCCGCCGGCCCGGTCA. For p27
mK, the internal primers were GCTTATGATTCTGAGCGGCG-
GCAGCTGCCTTGCGCTGA, TCAGCGCAAGGCAGCTGCCGCC-
GCTCAGAATCATAAGC. The outside primers used in the PCR
were CGCGGATCCATGTCAAACGTGAGAGTGTC (upstream)
and CGGAATTCATTACGTCTGGCGTCGAAGG (downstream).
The mutations were confirmed by DNA sequencing.
To obtain GST-p27, a full-length cDNA fragment corresponding

to mouse p27 was subcloned into pGEX-2T in-frame with GST. The
fusion protein was purified from bacterial culture induced with
IPTG, using a procedure described for GST-E7 purification (Arroyo
et al., 1993).

Flow Cytometry
Nuclei from approximately 5 million cells were isolated using a
detergent-trypsin method and stained with propidium iodide (Vin-
delov et al., 1983). The flow cytometry analysis was performed in the
Research Resources Center University of Illinois at Chicago with the
kind help of Dr. K. Hagen. The calculation of percentage of cells in
different phases of the cell cycle was done using a Multicycle AV
program (Phoenix Flow Systems, San Diego, CA).

RESULTS

Construction of a Cell Line That Inducibly
Expresses p27Kipl
To investigate the mechanism of cell cycle inhibition
by p27, we sought to construct a cell line that ex-
presses p27 in an on/off manner. Construction of the
LAP3-p27 cell line is described in the MATERIALS
AND METHODS. Briefly, an IPTG-inducible mamma-
lian expression system that utilizes the chimeric pro-
tein LAP267 was used (Labow et al., 1990). LAP267 in
the presence of IPTG activates transcription from a
promoter linked to the lac operator sequence (Labow
et al. 1990). A recently described lac operator contain-
ing plasmid pX12 (Pestov and Lau, 1994) was used to
express p27. p27 expression in this cell line can be
induced by adding IPTG (1 mM) to the culture me-
dium. A Western blot assay for p27 expression after
IPTG induction is shown in Figure 1 (upper panel).
Addition of IPTG or the expression of p27 did not
significantly alter the level of the p21 protein in these
cells. The slight increase shown in Figure 1 was not
reproducible. However, there was a very reproducible
reduction in the cdk2 and cdk4 kinase activities by the
expression of p27 (Figure 1, lower panels). The cdk2
activity was more sensitive than cdk4 activity to inhi-
bition by the p27 expression. These results indicated
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Figure 1. Expression of p27 in LAP3-p27 cells reduces the activities
of cdk2 and cdk4. LAP3-p27 cells were induced with IPTG. At the
indicated time points, cells were harvested and extracts were pre-
pared for Western blots and immunoprecipitation experiments as
described in MATERIALS AND METHODS. Westem blots (two
upper panels) were performed with 50 ,ug of the extracts. The blots
were probed with p27 antibody or p21 antibody. cdk2 and cdk4
antibodies were used to immunoprecipitate the respective kinases
from 100 jig of the extracts. The immunoprecipitates were used in
histone Hi kinase assays in the presence of a protein kinase A
inhibitor as described before (Morozov et al., 1997).

that the exogenous p27 expressed in the LAP3-p27
cells was functionally active.
p27 has been shown to inhibit progression into the

S-phase (Reynisdottir et al., 1995; Coats et al., 1996). We
analyzed the effect of p27 expression on the serum-
stimulated progression into the S-phase. The LAP3-
p27 cells are derived from NIH 3T3 cells and these
cells can be synchronized to Go by serum starvation.
Stimulation of the GO-arrested cells by serum supple-
mentation induces entry into the S-phase (Table 1).
The IPTG-induced expression of p27 in the serum-
stimulated cells caused an inhibition of the progres-
sion into the S-phase. A significant population of cells
remained arrested in G1 (Table 1). A continued incu-
bation with IPTG increased the population of cells in
Go-G1 (compare the 16-h and 55-h time points). These
cells remained arrested for at least 55 h and very little
or no apoptosis was detected during this time (our
unpublished observations).

p27Kipl Causes an Accumulation of the Repressor
Complexes of E2F
Recent studies indicated that p21 could disrupt the
interaction between cdk2 and the E2F-p130 or E2F-
p107 complex, leading to an accumulation of the re-
pressor complexes of E2F (Zhu et al., 1995; Shiyanov et
al., 1996). The N-terminal half of p21 exhibits extensive

Table 1. Ectopic expression of p27 at the G1-S-phase boundary
inhibits progression into S-phasea

Condition Go-G, S G2-M

92.2 3.2 4.6
No serum induction 91.9 4.1 4.1

16-h serum induction 23.5 70.1 6.4
Without IPTG 27.9 67.6 4.5

16-h serum induction 62.9 22.4 14.7
With IPTG added in 7 h 58.9 24.3 16.8

55-h serum induction 90.0 7.3 2.7
With IPTG added at 7 h 88.6 8.8 2.6

a The LAP3-p27 cells were grown to 80% confluence and then incu-
bated in medium containing no serum. Following serum starvation
for 48 h, cells were stimulated with fetal bovine serum (10%). After
7 h of serum stimulation, some of the plates received IPTG (lmM
final). The cells were harvested 16 h after serum stimulation and
subjected to flow cytometric analysis as described in MATERIALS
AND METHODS. The data are presented as the percentage of cells
in each phase of the cell cycle. The two sets of numbers corre-
sponded to two independent experiments.

structural similarities with p27 (Toyoshima and
Hunter, 1994). Therefore, we investigated whether p27
could disrupt the interaction between cdk2 and the
E2F-p130 complex. Because we cannot distinguish be-
tween E2F4 and E2F5, which bind to p130, the generic
term E2F has been used to refer to these two members
of E2F family. The LAP3-p27 cells were incubated in
medium containing IPTG for various lengths of time.
Extracts from these cells were analyzed for the inter-
action between cdk2 and p130, as well as cdk2 and
DP1 (the DNA-binding partner of E2Fs) by coimmu-
noprecipitation assays. Extracts prepared from cells
that were incubated with IPTG for 0 to 2 h exhibited
interaction between cdk2 and DP1 or p130 (Figure 2).
However, incubation with IPTG longer than 2 h
caused a significant reduction in the coprecipitation of
cdk2 with p130 and DPi, which will be consistent with
a loss of interaction between cdk2 and the E2F-p130
complex (Figure 2). Moreover, the loss of interaction
between cdk2 and p130 or DP1 coincided with the
expression of p27 (Figure 2). In addition, consistent
with the observation of Zerfass-Thome et al. (1997), we
observed a loss of the interaction between cdk2 and
p107 by the expression of p27 (our unpublished re-
sults). Effects of p27 on the E2F complexes were also
analyzed by gel retardation assays. Consistent with
the coimmunoprecipitation data, extracts with higher
levels of p27 exhibited a loss of the cdk2-containing
E2F-p130 complex and an accumulation of the E2F-
p130 complex (our unpublished results, and see Fig-
ure 6).
The recombinant p27 protein was used to determine

whether p27 can directly dissociate the interaction
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Figure 2. Expression of p27 coincides with a r
interaction between cdk2 and E2F or p130. The LAF
induced for p27 expression by adding IPTG (1 mI
medium. Cells were harvested at the indicated tim(
IPTG induction. Upper panel, cell extracts (25 ,ug) w
p27 expression by Western blot assays. The blot wa
p27 antibody from Santa Cruz (C-19; 1:200 final dilu
developed by ECL reagents. The extracts (150 ,tg)
lyzed for an association between DP1 and cdk2 or
The immunoprecipitates obtained with DP1 ar
panel) or p130 antibody (lower panel) were analy
blot assays for the presence of cdk2 following prev
procedures (Shiyanov et al., 1996).

between cdk2 and the E2F-p130 comple
extracts from serum-starved and serua
cells were analyzed for E2F complexes in
or absence of recombinant p27 by a ge
assay (Figure 3A). Bands 2 and 3 were (

previously and they corresponded to E
E2F-pl30-cyclin-cdk2 complexes, respe
anov et al., 1996). The composition of the
corresponding to band 1 is yet to be detei
ever, it is mainly found in the cytosol ('
Raychaudhuri, unpublished observation
with p27 resulted in a loss of the E2F-1
cdk2 complex with a concomitant appe;
E2F-p130 complex (Figure 3A, lane 2).
recombinant p27 on the interaction betw
the E2F-p130 complex was also analyzed
noprecipitation assays. Antibodies aga
DP1 (a subunit of E2F) coprecipitated ci
extracts of serum-stimulated cells becai
p130 complex in these extracts remains b
(Figure 3B). An incubation of the serui
cell extracts with GST-p27, but not GST,
of coprecipitation of cdk2 with p130 or
3B). These results would be consistent wi
that, like p21, p27 disrupts the interaci
cdk2 and the E2F-p130 complex, leadinj
mulation of the E2F-p130 complex.

p27 Specifically Reduces Expression of the E2F-
regulated Genes
The E2F-p130 complex is found mainly in growth-
arrested cells, and it was suggested that this complex
might be involved in actively repressing the E2F-reg-

Western blot ulated genes in growth-arrested cells (Vairo et al.,
for p27 1995). One prediction of this hypothesis is that, if we

generate this complex at a time when E2F-regulated
genes are actively transcribing, it would cause a re-

IP With pression. The E2F-regulated genes are expressed be-
DPI-antibody tween mid-G1 to early S-phase. Therefore, we used a

synchronized population of the LAP3-p27 cells to in-
duce p27 expression and generate the E2F-p130 com-
plex at the G1-S-phase boundary. The LAP3-p27 cells

IP With were synchronized to Go by serum starvation. The
p130-antibody cells were stimulated by adding serum, and after 7 h

of serum induction, IPTG was added to induce expres-
-eduction of the sion of p27. Addition of IPTG after 7 h of serum
'3-p27 cells were induction would cause an accumulation of p27 at the
pi)to the culture G1-S-phase boundary because p27 expression takes 3 h

repreanalyzedr after IPTG addition (Figure 2), and these cells enter
as probed with a S-phase about 11-12 h after serum stimulation (our
ition), and it was unpublished results). Cells, incubated with or without
were also ana- IPTG, were harvested at 8, 11, and 16 h after serum

rtpbody (middle stimulation. Total cellular RNA was analyzed for the
rzed by Western expression of DHFR, cyclin Dl, cyclin E, cyclin A,
iously described c-myc, and GAPDH. DHFR is a much studied E2F-

regulated gene (Blake et al., 1989; Means et al., 1992;
Slansky et al., 1993). Cyclins E and A are also shown to

x. Whole-cell be induced by E2F1 (DeGregori et al., 1995; Ohtani et

m-stimulated al.., 1995). The cyclin Dl promoter contains E2F-bind-
the presence ing sites and in transfection assays is stimulated by
l retardation coexpression of E2F1 (Ohtani et al., 1995). However,
characterized the endogenous cyclin Dl gene was not induced by
2F-p130 and E2F1 (DeGregori et al., 1995; Ohtani et al., 1995). Sim-
ctively (Shiy- ilarly, the c-myc promoter contains E2F-binding site;
E2F complex however, it is not clear whether it is an E2F-inducible
rmined; how- gene (DeGregori et al., 1995). GAPDH is not known to
;hiyanov and be an E2F-regulated gene.
). Incubation Expression of DHFR, cyclin Dl, and GAPDH mR-
p130-cyclin- NAs were analyzed by RNase T2 protection assays. As
arance of the expected, serum stimulation resulted in an increase in
The effects of the expression of the DHFR and cyclin Dl mRNAs
een cdk2 and (Figure 4, - lanes). A slight increase in the expression
[by coimmu- of GAPDH mRNA was also detected (Figure 4, -
inst p130 or lanes). Expression of p27 caused a specific reduction of
dk2 from the the DHFR mRNA (Figure 4, + lanes). No significant
use the E2F- reduction of the mRNA corresponding to cyclin Dl or
lound to cdk2 GAPDH was observed. Expression of cyclin E and
m-stimulated cyclin A mRNAs was analyzed by Northern blots.
caused a loss Probes derived from human cyclin E and cyclin A
DP1 (Figure cDNAs were used. These probes were previously

ith the notion shown to detect mouse cyclin E and cyclin A mRNAs
tion between in Northern blot assays (DeGregori et al., 1995). As can
g to an accu- be seen in Figure 5 (- lanes), serum stimulation in-

duced the expression of cyclin E and cyclin A mRNAs
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Figure 4. p27 expression coincides with an inhibition of the DHFR
gene expression. LAP3-p27 cells were grown to 80% confluence and
then maintained in medium without serum for 48 h. The synchro-
nized cells were stimulated by adding fetal bovine serum (10%).
Seven hours after serum stimulation, IPTG (1 mM final concentra-
tion) was added to a set of plates and the incubation was continued.
At the indicated time points, cells were harvested, and cell extracts
were analyzed for p27 expression by a Western blot assay (upper
panel) as described in Figure 2. Lower panels, total cellular RNA
from the harvested cells was subjected to RNase T2 protection
assays using antisense RNA probes corresponding to DHFR, cyclin
Dl, and GAPDH as described in MATERIALS AND METHODS.
The DHFR probe, which corresponded to -365 to +61 of the DHFR
gene, generated a doublet of around 61 nts; although in primer
extension assays a single band corresponding to the correct initia-
tion site was seen (our unpublished results).

in NIH 3T3 cells. The expression of cyclin E reached
maximum level at the 11-h time point, which is con-
sistent with the fact that cyclin E is a Gi cyclin. The
expression of cyclin A, which is an S-phase cyclin,
reached peak level at the 16-h time point. Interest-
ingly, expression of p27 in these serum-stimulated

iP with p 130-ab

Figure 3. p27 disrupts the interaction between cdk2 and the E2F-
p130 complex in vitro. (A) Whole-cell extracts (10 jig) from serum-
stimulated (8 h of stimulation with 10% fetal bovine serum; lanes
1-4) and serum-starved (lanes 5-8) NIH 3T3 cells were subjected to
gel retardation assays in the presence of components necessary for
E2F-specific DNA binding as described in MATERIALS AND
METHODS. Where indicated the reaction mixtures also contained
an E2F-specific oligo competitor (50 ng), GST-p27 fusion protein (50
ng), or GST (100 ng). Aliquots of the reaction mixtures were ana-

lyzed by gel retardation assays as described in MATERIALS AND
METHODS. Bands marked as 2 and 3 were characterized before and
they corresponded to the E2F-p130 and E2F-pl30-cyclin-cdk2
complexes, respectively (Shiyanov et al., 1996). The composition of
the band marked as 1 is unknown. (B) Extracts (200 jig) from
serum-stimulated NIH 3T3 cells were incubated alone (Extract
Alone) or with 1.5 ,ug of GST (+GST) or with 1 jig of GST-p27 fusion
protein (+GST-p27) at 4°C for 30 min. The incubation mixtures were
then subjected to immunoprecipitation with DP1 or p130 antibody.
The immunoprecipitates were analyzed for the presence of cdk2 by
Westem blots. The blots were probed with a cdk2 antibody and
developed with ECL as described before (Shiyanov et al., 1996).
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Figure 5. p27 expression causes a reduction in the levels of cyclin
E and cyclin A mRNAs. The LAP3-p27 cells were synchronized by
serum starvation. Cells were stimulated by adding 10% fetal bovine
serum in the medium. After 7 h of serum stimulation, IPTG (1 mM)
was added to the medium (+ lanes only). Cells were harvested at
the indicated time points, and total cellular RNA (10 ,ug) was
subjected to Northern blot analysis. The blots were probed with
32P-labeled DNA probe derived from cyclin E, cyclin A, GAPDH, or
c-myc cDNA as described in MATERIALS AND METHODS.

cells reduced the expression of cyclin E and cyclin A
genes (compare the - and + lanes in Figure 5). This
observation suggests that p27 not only reduces the
activity of the cyclin kinases, it also reduces the ex-
pression of cyclins E and A that are essential for the
progression into S-phase. We did not detect any sig-
nificant reduction of the c-myc gene expression (Figure
5).
To determine whether the p27-mediated reduction

of the DHFR, cyclin E, and cyclin A mRNAs was
related to the accumulation of the E2F-p130 complex,
whole-cell extracts were prepared after stimulation of
the cells with serum and IPTG as in Figures 4 and 5.
The extracts were analyzed by gel retardation assays

(Figure 6A). Expression of p27 resulted in a loss of the
nduction cdk2-containing E2F complex and an accumulation of
duction a complex that migrated like the E2F-p130 complex.

Moreover, a p130 antibody specifically recognized the
complex accumulated at the 11-h time point as a func-
tion of p27 expression (Figure 6B). This accumulation
of the E2F-p130 complex correlated with the reduction
of the DHFR, cyclin E, and cyclin A mRNA (compare
lanes with and without IPTG in Figures 4, 5, and 6).
DHFR, cyclin E, and cyclin A were previously shown

Cyclin E to be E2F-regulated genes (DeGregori et al., 1995;
Ohtani et al., 1995). Therefore, this observation would
support the notion that p27, by inducing accumulation
of the E2F-p130 complex, reduces expression of these
E2F-regulated genes. Band 3 generated by the S-phase
extract also contained E2F-p107-cyclin-cdk2 (Shiy-
anov et al., 1996). Therefore, the effects on the expres-

Cyclin A sion in S-phase might be mediated by both E2F-p130
and E2F-p107 complexes.

Expression of p27 Inhibits Transcription from a
GAPDH Reporter Gene Containing E2F-binding Sites

Results presented above show a strong correlation
between the p27-mediated accumulation of the repres-
sor complexes of E2F and a reduction in the expres-
sion of the E2F-regulated genes, suggesting that p27
inhibits transcription of the E2F-regulated genes. To
obtain further evidence along that line, we analyzed
the effect of p27 expression on reporter genes contain-
ing E2F-binding sites. Two CAT gene reporter con-
structs (Figure 7A, and see Shiyanov et al., 1996),
which are identical except that they contain two copies
of the E2F- or CRE-binding sites, were used in this
analysis. The reporter genes were transfected into NIH
3T3 cells along with a plasmid expressing p27. To
correct for the variability in transfection efficiencies, a
plasmid expressing 3-galactosidase was cotransfected.
The results of three independent transfection experi-
ments are shown in Figure 7B. Expression of p27
caused only a marginal reduction of the CAT gene
expression from the CRE sites containing reporter
genes, whereas the E2F sites containing reporter genes
was severely repressed by the expression of p27 (com-
pare the p27 lanes in Figure 7B).
p27 binds to cyclin/cdk2 through sequences in the

N-terminal half of the p27 (Toyoshima and Hunter,
1994). This region of p27 exhibits about 42% sequence
identity with p21 (Toyoshima and Hunter, 1994). Re-
cent studies from several laboratories indicated that
p21 possesses distinct cyclin- and cdk2-binding mo-
tifs. We observed that the disruption of the E2F-pl30-
cyclin-cdk2 complex, which was purified from cell
extracts, by p21 depends upon the N-terminal cyclin-
and cdk2-binding motifs. Moreover, in the context of
this endogenous complex, both motifs are required for
the inhibition of cdk2-mediated phosphorylation of
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Figure 6. p27-mediated reduction of the E2F-regulated genes correlates with an accumulation of the E2F-p130 complex. (A) LAP3-p27 cells
were synchronized, serum stimulated, and induced with IPTG as in the experiments described in Figures 3 and 4. Cells were harvested at
the indicated time points after serum induction with or without IPTG. Whole-cell extracts (10 ,ug) were analyzed by gel retardation assays
in the presence (+) or absence (-) of specific DNA competitor as described in MATERIALS AND METHODS. (B) The extracts from the 11-h
time point were analyzed by gel retardation assay in the presence of the indicated antibodies. p130 antibody was obtained from Santa Cruz.
Rb antibody was obtained from PharMingen (San Diego, CA), and the p107 antibody was a kind gift from E. Harlow's laboratory at MGH.
The E2F-specific DNA-binding assays were performed as in Figure 6A except that following an incubation for DNA-binding antibodies (0.1
jig) were added to the reaction mixtures and the incubation was continued for another 30 min. Aliquots of the incubation mixtures were
analyzed by gel retardation assay as described before (Shiyanov et al., 1996).

p130 (Robles, Shiyanov, Raychaudhuri, and Adami,
unpublished observation). Therefore, we constructed
two mutants of p27: one (p27 mC) containing a sub-
stitution of four amino acids in the cyclin-binding
motif and another (p27 mK) containing a substitution
of five amino acids in the cdk2-binding motif (see
Figure 7A). These mutants were used in transient

transfection assays. As can be seen in Figure 7B, these
two mutants were significantly impaired compared
with the wild-type protein in inhibiting the E2F-regu-
lated transcription (compare lanes marked p27, p27
mC, and p27 mK). There was no defect in the expres-
sion of the mutant proteins (Figure 7C). Moreover,
these two mutants were unable to disrupt the interac-
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Figure 7. Mutations in the cyclin-cdk2-binding motifs impair p27's ability to inhibit E2F-regulated transcription. (A) Schematic diagram of the
reporter CAT genes and the mutant p27 proteins. The reporter CAT genes have been described before (Shiyanov et al., 1996). The substitutions in
p27 mC and p27 mK are shown. Construction of the mutants are described in MATERIALS AND METHODS. (B) Mammalian expression vectors
containing the p27 cDNAs (2 jig) were transfected into NIH 3T3 cells along with 5 p.g of the reporter CAT gene encoding plasmids as described
before (Shiyanov et al., 1996). A plasmid expressing 3-galactosidase was also induded in the transfection mixtures to normalize for the transfection
efficiencies. The CAT gene activities obtained with the two reporter genes were determined. Conversion levels for each promoter construct without
the presence of p27 were normalized to 100%. The result represents an average of three experiments. (C) A Western blot assay was performed to
detect expression of the wild-type and mutant p27 proteins in the transfected cells. Extracts (100 Lg) from the cells transfected with the three p27
expression vectors (see Figure 7A) were subjected to Western blot assay. The blot was probed with p27 antibody and developed with ECL. (D) GST
fusion proteins containing the wild-type or mutant p27 were assayed for their ability to disrupt the interaction between cdk2 and p130 by a

coimmunoprecipitation assay. Fifty micrograms of extracts from NIH 3T3 cells were incubated alone (-) or with the indicated GST proteins (50 ng).
After an incubation at room temperature for 20 mmn, the incubation mixtures were subjected to immunoprecipitation with p130 antibody. The
immunoprecipitates were assayed for the presence of cdk2 by a Western blot assay. The band corresponding to cdk2 is indicated by an arrow.

tion between cdk2 and p130 as determined by a coim-
munoprecipitation assay (Figure 7D). Taken together,
these results suggest that p27 specifically inhibits tran-
scription of the E2F-regulated genes by inducing ac-
cumulation of the repressor complexes of E2Fs.

DISCUSSION

The E2F family factors E2F-4 and E2F-5 bind to the
Rb-related proteins p107 and p130 (Beijersbergen et al.,
1994; Sardet et al., 1995; Vairo et al., 1995). Because the
p130- and p107-containing complexes of E2F-4 and
E2F-5 are difficult to distinguish (Smith et al., 1996), we

have used the generic name E2F to refer to E2F-4 and
E2F-5. It has been suggested that the p107- and the
p130-containing complexes, like the E2F-Rb complex,
are repressors of E2F-regulated genes (Beijersbergen et
al., 1994; Sardet et al., 1995; Vairo et al., 1995; Starostik
et al., 1996). Extracts of mitogen-stimulated cells con-

tain the E2F-p130 and E2F-p1O7 complexes in higher
order forms that contain cyclin-cdk2 (Cobrinik et al.
1993; Beijersbergen et al., 1994; Shiyanov et al., 1996;
Smith et al., 1996; Vairo et al., 1995). An in vitro incu-
bation of the higher order complex, reconstituted with
active cyclin A-cdk2 kinase, resulted in a release of
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E2F in the free form (Zhu et al., 1995). Therefore, it is
possible that the endogenous higher order complex
might be an inactive intermediate that eventually
leads to a loss of the repressor complex. In any event,
the E2F-p130 or E2F-p107 repressor complexes are
not detectable at a time when the E2F-regulated genes
are actively transcribing.
p27 inhibits cell cycle progression by binding to

cdk2. Serum deprivation of fibroblasts or treatment of
mink lung cells with transforming growth factor ,B
(TGF-,(3) causes an increased binding of p27 to cdk2
(Reynisdottir et al., 1995; Coats et al., 1996). Results
presented here suggest that one of the consequences of
p27-cdk2 interaction is a disruption of the interaction
between cdk2 and the E2F-p130 complex (and E2F-
p107 complex), leading to an accumulation of repres-
sor complexes of E2Fs. The repressor complexes ob-
served in this study involved p130 and p107 because
in NIH 3T3 cells the p130 and p107 pathways are
easily detectable and the Rb-containing complex of
E2F is not easily detectable. Therefore, in an appropri-
ate setting one might be able to detect an effect of p27
on the accumulation of the Rb-E2F complex. p27-
mediated accumulation of the E2F-p130 complex
might be physiologically relevant because serum-
starved fibroblasts contain higher levels of p27 and the
E2F-p130 complex compared with cycling cells (cf.
Figures 3A and 4, also see Coats et al., 1996). It is
possible that the increase in the level of p27 during
serum starvation is responsible for the accumulation
of the E2F-p130 repressor complex.
An effect on the E2F complexes predicts that the

expression of the E2F-regulated genes will be altered.
DHFR is one of the most well-characterized E2F-reg-
ulated genes (Blake et al., 1989; Means et al., 1992;
Slansky et al., 1993). In NIH 3T3 cells, the DHFR gene
is expressed at the G1-S-phase boundary, which cor-
relates with a decrease in p27 expression (see Slansky
et al., 1993 and see Figure 4, lanes without IPTG).
Ectopic expression of p27 at the G1-S-phase boundary
caused a reduction of the DHFR mRNA. These obser-
vations suggest that the expression of the DHFR gene
can be controlled by p27. Moreover, repression of the
DHFR gene correlated with an accumulation of the
E2F-p130 repressor complex. This result implied that
the E2F-regulated genes might be specific targets of
the p27 growth suppression pathway.
Recent studies indicated that the promoter regions

of the cyclins E and A genes contain E2F-binding sites
(Ohtani et al., 1995). Moreover, these genes can be
activated by a recombinant adenovirus that expresses
E2F-1 (DeGregori et al., 1995; Ohtani et al., 1995).
Therefore, we analyzed the effects of p27 on the ex-
pression of these genes. Expression of p27 caused a
reduction in the levels of cyclins E and A mRNAs
(Figure 5). This observation is consistent with the no-
tion that p27 reduces expression of the E2F-regulated

genes. More interestingly, it provides evidence for a
regulatory circuit in which p27, by inhibiting function
of cyclin/cdks, reduces the expression of the cyclin
genes that are critical for progression into S-phase.
The accumulation of the repressor complexes of E2F

and the inhibition of the E2F-regulated genes suggest
that p27 reduces transcription of the E2F-regulated
genes. This notion is supported by the observation that,
in transient transfection assays, expression of p27 re-
duces transcription from promoters containing E2F-
binding sites. Promoters lacking E2F-binding sites are
much less sensitive to p27 inhibition compared with the
E2F sites containing promoter. Moreover, two mutants
of p27 that harbor substitutions in the cyclin- or cdk
kinase-binding motifs are impaired in inhibiting tran-
scription from the promoter containing E2F-binding
sites. These mutants were also deficient in disrupting the
interaction between cyclin/cdk2 and the E2F-p130 or
E2F-p1O7 complex. Therefore, the mutants that are un-
able to generate the repressor complexes of E2F are also
impaired in inhibiting E2F-regulated transcription.
These experiments, thus, provide further evidence for a
link between the p27-mediated accumulation of the re-
pressor complex of E2F and inhibition of the expression
of the E2F-regulated genes.
The mechanism by which p27 disrupts the interac-

tion between cyclin-cdk2 and the E2F-p130 or E2F-
p107 complex does not involve a phosphorylation
event because the disruption was observed in the
presence of an excess of the nonhydrolyzable ana-
logue of ATP (our unpublished observations). The
observation that both cyclin- and cdk2-binding motifs
in p27 are required for the disruption process is con-
sistent with our studies on p21. p21, unlike p27, con-
tains a second cyclin-binding motif near the C termi-
nus (Adams et al., 1996; Chen et al., 1996; Ball et al.,
1997). However, we observed that the N-terminal cy-
clin-binding site and the cdk2 motif in p21 are suffi-
cient to disrupt the interaction between the cyclin-
cdk2 and the repressor forms of E2F (Robles,
Shiyanov, Raychaudhuri, and Adami, unpublished re-
sults, also see Foteder et al., 1996). The E2F complexes
studied here contain E2F4 and E2F5. These two mem-
bers of the E2F family, unlike E2F1, E2F2, and E2F3,
lack any cyclin-binding motif (Krek et al., 1994). Cy-
clin-cdk2 associate with E2F4 and E2F5 through their
interactions with p130 or p107. p130 and p107 contain
a cyclin-binding motif which is homologous to that
found in p21 or p27 (Zhu et al., 1995; Adams et al.,
1996; Shiyanov et al., 1996). Therefore, the cyclin-bind-
ing motif in p27 or p21 should be able to compete with
p107 or p130 for an interaction with the cyclins, which
might be involved in the mechanism of disruption of
the E2F complexes described in this study. This model
is also consistent with the observation of Adams et al.
(1996), who showed that a synthetic peptide corre-
sponding to the cyclin A-binding motif in E2F1 could
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inhibit the interaction between the cyclins and sub-
strates such as E2F1 and the Rb family of proteins.
However, our studies with mutant p27 indicate a role
of the cdk2-binding motif, in addition to the cyclin-
binding motif, in the disruption of the interaction
between E2F-p130 and the cyclin-cdk2 complex. The
difference may be a reflection of the fact that we ana-
lyzed the effect of p27 on a preformed cellular en-
zyme-substrate complex. It appears that in the context
of the E2F-pl30-cyclin-cdk2 or E2F-p107-cyclin-
cdk2 complex, an effective competition, which leads to
a disruption of the complex, depends upon retention
of both cyclin and cdk2 motifs in p27. We propose that
p27 transiently interacts with the E2F-p130-cyclin-
cdk2 complexes by binding to cdk2, which localizes
the cyclin-binding motif in p27 in the vicinity of the
cyclin-p130 interface within the complex. The tran-
sient interaction is followed by a competition between
p130 and p27 for cyclin binding, leading to a dissoci-
ation of the E2F-p130-cyclin-cdk2 complex. This sce-
nario does not readily account for the observation that
more than a stoichiometric amount of p27 is needed
for its inhibition function (Zhang et al., 1994; LaBaer et
al., 1997). It is possible that p27 forms multimers,
which would be a more effective competitor. How-
ever, evidence for multimeric p27 is not available. It is
also possible that an excess of p27 is needed to main-
tain the equilibrium in favor of the dissociation of the
enzyme-substrate complex. Clearly, further biochem-
ical studies will be necessary to determine the mech-
anism by which p27 dissociates the interaction be-
tween cyclin-cdk2 and the E2F-p130 complex.
The results presented here also provide further in-

sights into the mechanism by which p27 controls the
entry and progression through the cell cycle. It was
shown that the ability of growth factors to stimulate
progression of mouse BALB/c-3T3 fibroblasts through
the restriction point correlated with their ability to
reduce expression of p27 (Coats et al., 1996). It is to be
noted, however, that additional mechanisms exist that
control the activity of p27 in G1. Poon et al. (1995), by
using Swiss 3T3 cells, demonstrated that the growth
factor-induced expression of cyclin D is sufficient to
titrate out all available p27 in the form of the cyclin
D-cdk-p27 complex. Nevertheless, it is generally be-
lieved that, in the absence of growth stimulus, p27
plays an important role in maintaining a Go state by
inhibiting the residual cdk kinases (Poon et al., 1995).
The observation that p27 inhibits cyclin gene expres-
sion provide evidence for an additional mechanism by
which p27 controls entry and progression through the
cell cycle. A p27-mediated inhibition of cyclin E and
cyclin A gene expression would lower the levels of
available cyclins needed to be inhibited by p27, thus
allowing a more effective control of the cell cycle pro-
gression. Moreover, the observation that p27 induces
accumulation of the repressor complex of E2F with a

consequent loss of cyclin E and cyclin A gene expres-
sion suggests a role for the repressor complexes of E2F
in controlling entry into the cell cycle. We suggest that
the repressor complexes of E2F are downstream me-
diators in the mechanism by which p27 controls entry
into the cell cycle or controls the G1 restriction point in
immortalized mouse fibroblast. This will also be con-
sistent with the observation that ectopic expression of
E2F-1 in quiescent fibroblasts induced S-phase entry
without requiring any growth factor (Johnson et al.,
1993). Moreover, a viral oncoprotein that dissolves the
repressor complexes of E2F could overcome G1 arrest
induced by serum starvation (Morozov et al., 1997).
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