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Ras promotes the accumulation of the cyclin-depend-
ent kinase inhibitor p21W47/Cirl (p21). Previous studies
reported that acute Raf/MEK/ERK activation elevates
p21 protein levels by increased transcription.
However, we have found that p21 induction in Ras-
transformed murine fibroblasts occurs principally by
a post-translational mechanism. Chronic activation of
the Raf/MEK/ERK pathway blocked proteasome-
mediated p21 degradation, resulting in accumulation
of p21 protein with an elevated half-life. The stabiliza-
tion of p21 by Ras was accompanied by high levels of
p21-associated cyclin D1 and, similarly to Ras,
cyclin D1 was sufficient to inhibit the proteasome-
mediated p21 degradation. Knock-down of cyclin D1
by RNA interference confirmed that Ras-induced p21
stabilization was dependent upon cyclin D1 expres-
sion. We show that p21 directly binds to the C8c sub-
unit of the 20S proteasome complex and that by
competing for binding, cyclin D1 inhibits p21 degrad-
ation by purified 20S complexes in vitro. Therefore, we
propose that Ras stabilizes p21 by promoting the for-
mation of p21-cyclin D1 complexes that prevent p21
association with, and subsequent degradation by, the
20S proteasome.
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Introduction

Ras genes (H-Ras, K-Ras and N-Ras) encode small
molecular weight membrane-localized proteins that are
often mutated in a variety of tumours, most frequently in
carcinomas of the pancreas, colon and thyroid (Bos, 1989).
These mutations inhibit GTP hydrolysis, making Ras
constitutively GTP bound and consequently active. Ras
proteins signal through effector pathways including the
Raf/MEK/ERK mitogen-activated protein kinase cascade
(Raf/MAPK), RalGDS and phosphatidylinositol 3-kinase
(PI3K), to promote cellular transformation (Vojtek and
Der, 1998).

Ras contributes to oncogenic transformation by influ-
encing the cell cycle machinery. Ras-regulated pathways
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play integral roles in the induction of cyclin DI, a key
event required for G, phase progression (Kerkhoff and
Rapp, 1998). In addition, the assembly of newly
synthesized cyclin D1 with cyclin-dependent kinase
(cdk) partners cdk4 and cdk6 requires Ras activation of
the Raf/MAPK pathway (Cheng et al., 1998). Efficient
assembly of these complexes requires the cdk ‘inhibitors’
of the Cip/Kip family (Cheng et al., 1999). Whereas
p21Wa1/Cipl (p21) and p27XP! (p27) inhibit the activity of
other cyclin—cdk complexes, at low concentration they act
positively on cyclin D-cdk complexes to promote assem-
bly, stability and nuclear localization (LaBaer et al., 1997,
Cheng et al., 1999; Alt et al., 2002). Consistent with a
positive effect on cell cycle progression, p21 expression is
transiently elevated in an ERK-dependent manner when
entering the cell cycle after growth factor stimulation (Liu
et al., 1996; Bottazzi et al., 1999).

In some circumstances, Ras signalling through the
Raf/MAPK pathway elevates p21 to levels that arrest cell
cycle progression. Introduction of activated Ras into
primary rodent and human cells induces high p21 levels
that impose a proliferative block associated with G arrest
(Lloyd et al., 1997; Serrano et al., 1997; Olson et al.,
1998). Studies using conditionally active Raf kinase
indicate that high intensity ERK signalling also leads to
p21-mediated growth arrest in rodent fibroblasts (Sewing
et al., 1997, Woods et al., 1997) and human tumour cells
(Ravi et al., 1999).

Ras-induced elevation of p21 has been attributed to
transcriptional activation, which occurs by p53-dependent
(Lloyd et al., 1997; Serrano et al., 1997) or -independent
mechanisms (Sewing et al., 1997; Woods et al., 1997)
depending on cell type. Although p21 transcription has
been well studied (Gartel and Tyner, 1999), regulation of
p21 levels by post-transcriptional mechanisms are less
well defined. p21 is a short-lived protein that is degraded
by the large multisubunit proteasome complex
(Blagosklonny et al., 1996; Cayrol and Ducommun,
1998; Sheaff et al., 2000; Touitou et al., 2001). The 26S
proteasome is composed of a barrel-shaped 20S catalytic
chamber, ‘capped’ at each end by 19S complexes
(Hershko and Ciechanover, 1998). Most proteins degraded
by the proteasome require ubiquitin conjugation for
targeting via the association of ubiquitin with the 19S lid
(Hershko and Ciechanover, 1998). However, p21 is a
novel ubiquitylation-independent proteasome target
(Sheaff et al., 2000) that by-passes the need for
ubiquitylation by binding directly to the C8c subunit of
the 20S proteasome catalytic complex (Touitou et al.,
2001).

Given that protein degradation plays a critical role in
cell cycle control (reviewed in Yew, 2001), we wished to
determine whether Ras contributed to elevated p21 levels
by modulating protein stability in addition to promoting
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p21 transcription. We show that Ras-transformed fibro-
blasts have elevated p21 due to the post-transcriptional
inhibition of proteasome-mediated degradation. Ras-
induced stabilization of p21 protein was dependent on
signalling through the Raf/MAPK pathway and required
cyclin D1 expression. We show that cyclin D1 associates
with p21 and prevents its degradation by the 20S
proteasome in vitro. These data define a novel post-
translational mechanism by which Ras regulates a regu-
latory component of the cell cycle machinery.

Results

Elevated p21 levels in Ras-transformed fibroblasts

are not affected by proteasome inhibition

Under conditions in which p21 is degraded rapidly, p21
protein levels rise after treatment with proteasome
inhibitors such as the Streptomyces lactacystinaeus
metabolite lactacystin (LC) (Blagosklonny et al., 1996;
Cayrol and Ducommun, 1998; Sheaff et al., 2000; Touitou
et al.,2001). We wished to determine whether proteasome
inhibition would elevate p21 levels further in Ras-trans-
formed cells. Wild-type (S3T3) and V12 H-Ras-
transformed Swiss 3T3 (Ras-S3T3) mouse fibroblasts
(Leevers and Marshall, 1992) were serum starved either
with or without LC treatment to determine the effect of
proteasome inhibition on p21 levels (Figure 1A). p21
increased 8-fold after LC treatment in parental S3T3 cells;
however, p21 levels were as high in untreated Ras-S3T3
cells as in LC-treated parental cells and there was no
further elevation after proteasome inhibition. The lack of
effect on p21 was not due to inefficient proteasome
blockade by LC in Ras-S3T3 cells since the accumulation
and appearance of high molecular weight ubiquitylated
forms of another proteasome target, [B-catenin, were
apparent (Figure 1A). Consistent with previous reports,
p21 ubiquitylation was not evident under any of the test
conditions (Sheaff er al., 2000) (Figure 1A; data not
shown). The observation that LC did not influence p21
levels in Ras-S3T3 cells suggested that the rate of p21
degradation by the proteasome was significantly reduced,
consistent with a role for Ras in promoting p21 protein
stability.

Since protein—protein interactions may modulate p21
stability (Timchenko e al., 1997; Cayrol and Ducommun,
1998), we immunoblotted the samples from Figure 1A to
determine how p21-binding protein levels were influenced
by Ras and LC (Figure 1B). Although proliferating cell
nuclear antigen (PCNA) has been reported to influence
p21 protein stability (Cayrol and Ducommun, 1998;
Touitou et al., 2001), we found no difference in levels
between parental and Ras-S3T3 cells. Similarly, we
detected little difference in cyclin D2, D3 and E levels
or in cdk4, cdk6 or C8o proteasomal subunit levels
(Figure 1B; data not shown). However, cyclins D1 and A
levels paralleled p21, with significant elevation in Ras-
S3T3 cells that were uncoupled from the effects of
proteasome inhibition. These data are consistent with the
possibility that Ras promotes p2l1 protein stability by
increasing the pool of cyclins D1 and A available for p21
binding.

We analysed p21 mRNA by northern blotting to
determine whether message accumulation contributed to
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Fig. 1. Ras-induced p21 levels are uncoupled from the effects of
proteasome inhibition and are elevated by a post-transcriptional mech-
anism. (A) Elevated p21 levels in Ras-transformed fibroblasts are not
affected by proteasome inhibition. Parental (S3T3) and Ras-transformed
S3T3 (Ras-S3T3) cells were serum starved for 16 h in the presence or
absence of 10 uM lactacystin (LC) proteasome inhibitor. Extracts were
western blotted as indicated. B-tubulin controlled for loading. (B) A
subset of p21-binding partners are regulated by Ras in a manner similar
to p21. Membranes shown in (A) were stripped and reprobed as indi-
cated. (C) p21 mRNA is not elevated in Ras-S3T3 cells. Total RNA
was isolated from serum-starved parental and Ras-S3T3 cells before
northern blot analysis for p21 and cyclin D1. Expression levels were
normalized to GAPDH levels and are presented as levels relative to the
parental cell line.

elevated levels in Ras-S3T3 cells. Total RNA was isolated
from serum-starved parental and Ras-S3T3 cells and
blotted with p21, cyclin DI or GAPDH probes as
described in Materials and methods. Transcript levels
were quantified, corrected for GAPDH loading, and are
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shown relative to untreated S3T3 cells (Figure 1C). In
contrast to the large differences in protein levels shown in
Figure 1A, steady-state p21 transcript levels were only
1.4-fold higher in Ras-S3T3 cells than in parental cells. In
contrast, cyclin D1 mRNA was >6-fold higher in Ras-
S3T3 cells (Figure 1C). Therefore, p21 levels are elevated
in Ras-transformed cells primarily by inhibition of
proteasome-mediated degradation rather than mRNA
accumulation.

The Raf/MAPK pathway mediates Ras-induced
post-transcriptional p21 regulation

Since p21 levels have been reported to be influenced by
both the Raf/MAPK and PI3K pathways (Li et al., 2001;
Rossig et al., 2002), we wished to determine whether these
Ras effector pathways mediated the Ras-induced decrease
in p21 degradation. The Raf/MAPK pathway was blocked
with the MEK inhibitor UO126 in the presence or absence
of LC for 16 h. Proteasome inhibition alone had no effect
on p21 levels; however, UO126 treatment reduced p2l
levels (Figure 2A, compare lanes 1 and 3) and re-
established sensitivity to proteasome inhibition; LC treat-
ment increased p21 levels in UO126-treated cells (com-
pare lanes 3 and 4). UO126 also downregulated cyclins D1
and A and restored their responsiveness to LC (Figure 2A),
but did not affect PCNA levels (data not shown). The drug
vehicle dimethylsulfoxide (DMSO) did not affect any of
the proteins examined. In contrast to MEK inhibition,
PI3K inhibition with LY294002 did not alter p2l,
cyclin D1 or cyclin A levels in Ras-S3T3 cells (see
Supplementary figure S1 available at The EMBO Journal
Online).

Although U0126 reduced Ras-induction of p21
(Figure 2A), it did not affect p21 mRNA levels in Ras-
S3T3 cells (Figure 2B), consistent with the northern blot
data presented in Figure 1C. However, UO126 dramatic-
ally reduced cyclin D1 mRNA, consistent with previous
reports linking Ras/Raf/MAPK signalling to the induction
of cyclin D1 transcription (Kerkhoff and Rapp, 1998).
These data confirm that Ras induction of p21 results
largely from a post-transcriptional mechanism, and sup-
port the hypothesis that cyclins A and/or D1, but not
PCNA, mediate Ras-induced p21 protein stabilization.

Raf activation is sufficient to uncouple p21
expression from the effects of proteasome
inhibition

To determine whether Raf/MAPK signalling is sufficient
to uncouple p21 from proteasome-mediated degradation,
we used S3T3 cells expressing a conditionally active
version of Raf-1 (Woods et al., 1997; Sahai et al., 2001).
These cells (Raf:ER S3T3) express the Raf-1 kinase
domain fused to a mutated oestrogen-binding domain of
the human receptor, making the kinase responsive to the
oestrogen analogue 4-hydroxytamoxifen (4-HT). Addition
of 4-HT induced Raf activity, resulting in ERK phos-
phorylation and elevated p2l1 protein and mRNA
(Figure 2C and D). Quantification of cells undergoing
DNA synthesis with or without 4-HT indicated that Raf-
induced p21 levels (Figure 2C, compare lanes 1 and 3)
were associated with a proliferative block (Supplementary
figure S2). Raf activation by 4-HT for 24 or 48 h was
sufficient to uncouple p21 from the influence of LC
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Fig. 2. The Raf/MAPK effector pathway mediates Ras-induced
post-transcriptional p21 regulation. (A) Inhibition of MEK reduces
Ras-induced p21 levels and restores sensitivity to LC. Ras-S3T3 cells
were incubated with 10 uM MEK inhibitor UO126 or 0.1% DMSO
vehicle control and LC for 16 h. Extracts were western blotted as
indicated. ERK2 controlled for loading. (B) p21 mRNA levels in
Ras-S3T3 cells are not affected by UO126. Total RNA was isolated
from Ras-S3T3 cells treated with UO126 or DMSO vehicle control for
northern blot analysis of p21 and cyclin D1. Expression levels were
normalized to GAPDH and are presented as levels relative to the
parental cell line. (C) Raf activation is sufficient to uncouple p21
expression from the effects of proteasome inhibition. Raf:ER S3T3
cells treated with 100 nM 4-HT for 2448 h were incubated with
UO126 and/or LC in the absence of serum for 16 h. Extracts were
western blotted as indicated. (D) Acute Raf activation elevates p21 and
cyclin D1 mRNA. Total RNA was isolated from Raf:ER S3T3 cells
treated as indicated and northern blotted for p2l, cyclin D1 and
GAPDH.

(compare lanes 1 and 2 with lanes 3 and 4, and 5 and 6).
Inhibition of MEK with UO126 significantly reduced p21
induction in cells stimulated with 4-HT for 48 h and re-



sensitized p21 to LC (compare lanes 5 and 6 with lanes 7
and 8), similar to the ability of U0126 to re-establish LC
responsiveness in Ras-S3T3 cells (Figure 2A). The drug
vehicle DMSO had no effect on any protein examined. In
addition, cyclin D1 and p21 were influenced by Raf
activation and LC in parallel, similar to the matching
effects on cyclin D1 and p21 of Ras and LC in S3T3 cells
(Figure 1A and C). In contrast to cyclin D1, the levels of
cyclin A dropped following Raf activation and were
partially restored by UO126 treatment (compare lanes 5
and 7). Since cyclin A is induced upon S-phase entry and
not directly by intracellular signalling pathways, the
reduction in cyclin A probably results from the growth
arrest induced by Raf:ER activation. In addition, the
reciprocal patterns of cyclin A and p21 regulation by Raf
activation indicate that cyclin A is not a major factor
involved in mediating Ras/Raf-induced p21 stability.

Stabilization of p21 by the Raf/MAPK pathway and
by cyclin D1

To determine whether the differential effects of protea-
some inhibition by LC on p21 levels reflect quantitative
differences in the rate of p21 turnover in parental versus
Ras-S3T3 cells, we examined p21 decay in S3T3 and
Ras-S3T3 cells by inhibiting protein synthesis with
cycloheximide (CHX). Serum-starved cells were treated
with 25 pg/ml CHX for the times indicated and p21 levels
assessed by western blotting (Figure 3A). Ras-S3T3 cells
expressed elevated p21 levels that did not decline signifi-
cantly over the period of CHX treatment; 70% of the
p21 remained 2 h after protein synthesis was blocked
(Figure 3B). In contrast, parental S3T3 cells had lower p21
levels that rapidly decayed following CHX treatment.
Densitometric analysis revealed that p21 half-life
was extended from 1 h in S3T3 cells to >3 h in Ras-
transformed S3T3 cells (Figure 3B).

In addition to the approach described above, we used a
pulse—chase method to study the effect of co-expressed
proteins on p21 stability in NIH-3T3 fibroblasts trans-
fected with Flag epitope-tagged p21. NIH-3T3 cells were
transfected, serum starved overnight and then labelled
with [>3S]methionine/cysteine (Met/Cys) and chased with
an excess of cold Met/Cys as detailed in Materials and
methods. The half-life of Flag-p21 was <2 h under these
conditions (Supplementary figure S3). For comparison
purposes, a 2 h time point post-chase was used sub-
sequently (Figure 3C). Co-expression of activated Ras
significantly increased the proportion of 3>S-labelled p21
remaining 2 h post-chase (Figure 3C), consistent with the
Ras stabilization data presented in Figure 3A. Similar to
the data presented in Figure 2, inhibition of MEK activity
with UO126 blocked Ras-induced p21 stabilization. In
contrast, incubation with LY294002 only slightly impaired
the ability of Ras to reduce p21 turnover.

As there was a coordinated pattern of p21 and cyclin D1
regulation by Ras and the Raf/MAPK pathway, and since
p21-binding partners influence p21 degradation, we
examined whether cyclin D1 would recapitulate the Ras
effect on p2l stability. Figure 3C shows that ectopic
cyclin D1 expression increased the amount of p2l
remaining after 2 h to 77%, even more than did Ras
(70%), and approached the maximal stabilization achieved
by inhibition of proteasome activity with LC (90%).

Cyclin D1 promotes p21 stability downstream of Ras

Therefore, like Ras, elevated expression of cyclin D1
stabilized p21 protein, consistent with the hypothesis that
cyclin D1 may be the Ras target that blocks the
proteasomal p21 degradation.

If Ras-induced p21 stabilization results from increased
p2l-cyclin D1 interactions, then the proportion of p21
bound to cyclin D1 should increase in cells with elevated
Ras or Raf signalling. Immunoprecipitation of p21 from
cells with active Ras or Raf followed by quantitative
analysis of associated cyclin D1 revealed that Ras and Raf
increase the ratio of p21 associated with cyclin D1 ~5-fold
(Figure 4A), consistent with Ras-induced cyclin D1
forming complexes that protect p21 from proteasome-
mediated degradation.

Cyclin D1 is required for Ras to uncouple p21 from
proteasomal degradation

To determine whether Ras-induced cyclin D1 expression
was required to maintain elevated p21 levels in Ras-S3T3
cells, we knocked-down cyclin D1 protein levels by RNA
interference (RNAi) using the stable expression of short
hairpin RNAs. Two targeting sequences in the cyclin D1-
coding sequence were chosen to construct pSuper RNAi
vectors (Brummelkamp et al., 2002). Both D1 pSuper
knock-down vectors were transfected into Ras-S3T3 cells
along with a puromycin resistance gene, and stable clones
were selected. As a control, the empty pSuper vector was
transfected along with the puromycin resistance gene into
Ras-S3T3 cells. Figure 4B shows that the levels of
cyclin D1 and p21 were comparable in parental Ras-
S3T3 cells and two empty pSuper vector control clones.
However, Ras-S3T3 clones expressing pSuper D1 RNAi
had drastically decreased levels of cyclin D1 without
accompanying reductions in active ERK (data not shown).
Significantly, p21 levels were also reduced in the D1
knock-down clones (Figure 4B). Consistent with the
proposal that cyclin D1 protects p21 from proteasomal
degradation, knock-down of cyclin D1 restored proteaso-
mal degradation of p2l1 in Ras-S3T3 cells since the
reduced p21 levels were rendered responsive to LC
treatment (Figure 4C), as we previously observed in
untransformed S3T3 cells (Figure 1A). These data indicate
that cyclin D1 is a critical regulator of p21 proteasomal
degradation in Ras-S3T3 cells.

Cyclin D1 binds a C-terminal cyclin-binding site

of p21

Ubiquitin-independent p21 degradation is mediated by the
binding of a C-terminal degradation sequence to the C8a
subunit of the 20S proteasome (Touitou et al., 2001). A
previously characterized cyclin-binding site (Adams ez al.,
1996; Chen et al., 1996) is located within the minimal C8a
association domain of p21 (residues 140-164) (Touitou
et al., 2001). This cyclin-binding motif (amino acids
152-158) was named Cy?2, as it followed the identification
of the first N-terminal site (Chen et al., 1996). The Cy?2 site
binds cyclin A, D1 and E and their corresponding cdk
complexes with lower affinity than the N-terminal site
(Adams et al., 1996; Chen et al., 1996; Ball et al., 1997).
One possibility, therefore, is that elevated cyclin D1 levels
induced by Ras promote p21 stability by competing with
the C8a subunit for binding to p21, resulting in decreased
proteasome degradation. To determine whether cyclin D1
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Fig. 3. Analyses of p21 protein stability. (A) p21 turnover is reduced in Ras-S3T3 versus parental S3T3 cells. S3T3 cells were treated with 25 pg/ml
CHX to inhibit new protein synthesis for the times indicated, and extracts probed for p21 and B-tubulin to control for loading. A longer p21 exposure
is shown for parental S3T3 cells to allow comparison. (B) p21 expression quantified by densitometric analysis. Expression is represented as the per-
centage remaining relative to time zero. Half-life values were calculated using lines of best fit. (C) Co-expression of Ras or cyclin D1 is sufficient to
stabilize p21. Pulse-chase analysis was undertaken in NIH-3T3 cells transfected with epitope-tagged p21, H-Ras D12 and/or cyclin D1. Cells were
treated with 10 uM UO126 (UO), 20 uM LY294002 (LY), 10 uM lactacystin (LC) or vehicle controls where indicated. Shown is the percentage of
35S-labelled p21 remaining after 2 h of chase, relative to a control sample lysed at time zero.

from Ras-S3T3 cells associates with the C-terminus of
p21, we incubated GST fusion proteins of p27, p21, a p21
mutant lacking the N-terminal cyclin site (ANp21; amino
acids 86-164) or a GST control with lysates from Ras-
S3T3 cells, then captured protein complexes with
glutathione—Sepharose beads and analysed them by west-
ern blotting (Figure 5A). Full-length p21 and p27 captured
cyclins D1 and A, while ANp21 associated only with
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cyclin D1. Cdk4 (Figure 5A) and Cdk6 (data not shown)
were also associated with p21 and p27, but significantly
less with ANp21, suggesting that cyclin D1 binding to Cy2
may not require a cyclin-cdk complex under these
conditions, in agreement with previous reports (Adams
et al., 1996; Ball et al., 1997). Consistent with ANp21
containing a single Cy site and the sole PCNA-binding
site, less cyclin D1 but equal PCNA were associated with
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down of cyclin DI restores p21 sensitivity to LC. One empty vector
and one cyclin D1 knock-down clone were serum starved with or with-
out LC treatment for 16 h as indicated, and lysates were blotted for
cyclin D1 or p21.

the C-terminus compared with full-length p21. Selectivity
was validated by the lack of GST binding to any proteins
and the lack of p27 binding to PCNA. These observations
indicate that cyclin D1, but not cyclin A, can associate
with the p21 C-terminus.

Cyclin D1 competes with proteasome subunit C8c
for p21 binding in vitro

The results above are consistent with the hypothesis that
Ras-induced p21 stabilization is mediated by cyclin D1
binding to p21, thereby blocking interactions with the 20S
proteasome C8cl subunit. To test this, we initially
confirmed that p21 produced by in vitro transcription/
translation (IVTT) bound to recombinant His-tagged C8a.
33S-labelled p21 or luciferase controls (L) were incubated
with His-tagged cyclin D1 or C8a bound to nickel—
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Fig. 5. Cyclin D1 binds to the p21 C-terminus and blocks the p21-C8a
interaction. (A) Cyclin D1, but not cyclin A, binds to the Cy2 site of
GST-p21. Ras-S3T3 extracts were incubated with the GST fusion
proteins indicated, and captured complexes were western blotted for the
p21-binding partners shown. A p21 mutant lacking the N-terminus was
used (GST-ANp21) to determine which cyclins bind the C-terminal
Cy?2 site. (B) Association of p21 with C8a in vitro. IVTT-synthesized
35S-labelled p21 or luciferase control (L) were added to cyclin D1, C8a
or Ral-His fusion proteins. Complexes were separated by SDS-PAGE,
and His fusion-associated 3°S-labelled proteins were detected by expos-
ing membranes to autoradiography film. (C) Cyclin D1 competes with
C8a for p21 binding. The assay described in (B) was repeated in the
presence of 0, 2, 5 or 10 pg of cyclin D1, K-cyclin or GST-PCD
fusions. Equal amounts of the different GST fusion proteins were
added, as judged by western blot of one-tenth of the input.
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agarose beads before extensive washing and SDS-PAGE;
then 33S-labelled proteins associated with His fusion
proteins were detected by autoradiography. p21 bound
cyclin D1 efficiently, and bound C8a: less efficiently, but
did not bind the luciferase control (Figure 5B). A control
Ral His fusion protein bound neither p21 nor luciferase,
confirming the specificity of these interactions (Figure 5B).
We next examined whether the p21-C8a association
could be competitively inhibited with increasing concen-
trations of GST—cyclin D1 (Figure 5C). As a control, we
used a GST fusion of K-cyclin, which is expressed by
Kaposi’s sarcoma-associated herpesvirus (KSHV/HHVS)
and has significant homology to D-type cyclins (Cesarman
et al., 1996). However, unlike D-type cyclin-cdk com-
plexes, K-cyclin-associated kinase activity is resistant to
inhibition by p21 due to significantly reduced affinity for
cdk inhibitors (Swanton et al., 1997). An irrelevant fusion
protein (GST-PCD; see Materials and methods) was also
used to control for the addition of GST. While the addition
of increasing amounts of K-cyclin or PCD to the binding
reaction did not affect p21 capture by C8c, equivalent
amounts of cyclin D1 competitively inhibited the
C8a—p21 interaction (Figure 5C). Cyclin D1 blocking
the C80—p21 interaction did not result from association
with C8a, however, as no GST fusion proteins were
detected in the C8a complexes (data not shown). These
observations indicate that binding of cyclin D1 to p2l
blocks its association with the C8c. proteasome subunit.

Cyclin D1 inhibits 20S proteasome-mediated p21
degradation in vitro

To determine whether cyclin D1 competing with C8a. for
p21 binding would block p21 degradation by the 20S
proteasome, we assayed p2l degradation in vitro using
IVTT p21 and purified 20S proteasome complexes
(Figure 6). Initially, we added 33S-labelled p21 or p27 to
20S proteasomes at 30°C for the times indicated, before
samples were separated by SDS-PAGE, transferred and
exposed to autoradiography film. Degradation of p27 is a
ubiquitin- and 26S proteasome-dependent process
(Alessandrini et al., 1997), and p27 was not degraded in
this assay by the 20S proteasome (Figure 6A). In contrast,
33S-labelled p21 was degraded over the 20 min period
(Figure 6B), dependent upon the 20S proteasome
(Figure 6A; compare lanes 4 and 5). Proteasome-mediated
degradation of p21 was then assayed in the presence of
cyclin D1 or K-cyclin. IVTT p21 was incubated with
GST-cyclin D1 or GST-K-cyclin for 1 h at 30°C before
the addition of 20S proteasome. Compared with control
assays where only 25% of the p21 input remained after
20 min, cyclin D1 significantly retarded 20S proteasome-
mediated proteolysis (Figure 6C). In contrast, addition of
the same quantity of control K-cyclin had only a slight
effect on p21 degradation, and was comparable with the
effect of PCD (data not shown). To determine whether the
inhibitory effect of cyclin D1 is specific for p21, we
assayed [-casein degradation by the 20S proteasome in the
presence or absence of GST—cyclin D1. Cyclin D1 had no
effect on the rate of B-casein degradation (Supplementary
figure S4), confirming that the inhibitory effect on
proteasomal degradation is specific for p21. In summary,
these results support the model that Ras-induced elevation
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Fig. 6. Cyclin DI inhibits 20S proteasome-mediated p21 degradation
in vitro. (A) 20S proteasome activity degrades p21, but not p27,
in vitro. IVTT p21 or p27 were incubated with 20S proteasome for the
times indicated. Reactions were stopped with Laemmli buffer and ana-
lysed for 33S-labelled p21/p27 as described. (B) Proteasome-mediated
degradation was quantified by Phosphorlmager analysis of 3°S-labelled
proteins. Shown is the percentage of 33S-labelled protein remaining at
each time point, relative to a sample at time zero. (C) Proteasome-
mediated p21 degradation is blocked specifically by cyclin D1. The
p21 degradation assay described in (A) was repeated in the presence of
GST—cyclin D1 or GST-K-cyclin.

of cyclin D1 stabilizes p21 by competing for binding with
the 20S proteasome.

Discussion

Ras is a centrally positioned signal transduction switch
that modulates the expression of many proteins. Following
the discovery that ERK activation by Ras leads to the
phosphorylation, nuclear translocation and activation of a
variety of transcription factors, Ras regulation of gene
transcription has been studied in great detail (Zuber et al.,
2000, and references therein). However, an emerging
concept is that Ras and its effector pathways also regulate
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Raf/ERK pathway drives high levels of cyclin D1 (or cyclin D1-cdk complexes) that may bind the C-terminal Cy2 site of p21, thereby masking the
proteasome-binding motif. p21 association with C8c is blocked, thereby reducing 20S proteasome-mediated degradation.

protein levels by post-transcriptional mechanisms, in-
cluding influencing proteasome-mediated degradation.
Examples include the inhibition of proteasome-mediated
cyclin D1 degradation via the PI3K pathway (Diehl ef al.,
1998) and the Ras-induced stabilization of c-myc (Sears
et al., 1999).

A common mechanism for regulating p21 degradation is
through direct protein—protein interactions. We found that
the regulation of cyclin D1 expression by Ras and the Raf/
MAPK pathway paralleled that of p21 protein (Figures 1
and 2). Transient overexpression of cyclin D1 alone was
sufficient to mimic Ras-induced stabilization of p2l
(Figure 3) and knock-down of cyclin D1 in Ras-trans-
formed cells both reduced p21 levels and re-sensitized p21
to the effects of proteasome inhibition (Figure 4B and C).
The inhibitory effect of cyclin D1 on p21 degradation
in vivo, together with the observations that cyclin D1 can
associate with p21 at the Cy2 site and block p21 binding to
the C8al proteasome subunit, led us to test whether
cyclin D1 would inhibit p21 degradation by the 20S
complex in vitro. We found that p21, but not the related
cdk inhibitor p27, was degraded in a time- and protea-
some-dependent manner and that cyclin D1 efficiently
blocked p21 degradation (Figure 6).

These data indicate that cyclin D1 is a critical mediator
of Ras-induced p2l stability in Ras-transformed cells
(Figure 7). One possible mechanism is that cyclin D1-cdk
complexes may protect p21 from proteasomal degradation.
Alternatively, cdk-free cyclin D1 may be the stabilizing
influence in vivo, consistent with the ability of cyclin D1 to
prevent p21 degradation in vitro. Interestingly, cdk-
independent roles for cyclin D1 in the regulation of
transcription factors have been described (e.g. Zwijsen
et al., 1997), and cyclin D1 free of cdk has been identified
in transformed cells that lack functional pRb (Bates et al.,

1994). Our attempts to determine whether a cdk-free pool
of cyclin D1 exists in Ras-transformed cells by cdk4/6
immunodepletion were unsuccessful; therefore, it remains
unclear whether cdk-free cyclin D1 is involved in Ras-
induced p21 stabilization.

Previous reports have shown that in growth factor-
stimulated non-transformed cells, p21 primarily exists in a
complex with cyclin D1-cdk and is unstable (Parry er al.,
1999). This complex probably results from cyclin—cdk
association with the high affinity binding sites at the
N-terminus of p21. However, we show here that in Ras-
transformed cells, cyclin D1 is required to protect p21
from proteasomal degradation. Consistent with its ability
to competitively inhibit p21 binding to the C8a subunit,
cyclin D1 (or cdk complex) may protect p21 from
degradation via association with the C-terminal Cy2 site,
which overlaps the C8o.-binding site. We believe that
association of cyclin D1 with the Cyl and/or Cy2 site of
p21 determines the impact of the complex on the stability
of p21 in cells of differing transformation status. Detailed
characterization of the p21 complexes formed in mitogen-
stimulated non-transformed cells, versus those present in
Ras-transformed cells, is the subject of future investiga-
tion.

Inhibition of p21 degradation via masking of the C8o.-
binding site may represent a general mechanism of p21
stabilization. For example, PCNA regulates p21 turnover
in vivo (Cayrol and Ducommun, 1998; Touitou e al.,
2001), and the PCNA-binding site is directly N-terminal to
critical C8a-binding residues 156-161 (Touitou et al.,
2001), suggesting that PCNA may stabilize p21 by
interfering with C8a binding. Whether PCNA competi-
tively inhibits the p21-C8c association in a manner
similar to cyclin D1 has not been determined. As PCNA
levels were not altered by Ras or UO126 (Figure 1; data
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not shown), PCNA probably did not play a significant part
in Ras-induced p21 stabilization. In addition, elevated
expression of the CCAAT/enhancer-binding protein o
(C/EBPo) transcription factor mediates adipocyte and
hepatocyte growth inhibition via increased p21 levels
(Timchenko et al., 1997). Interestingly, p21 induction by
C/EBPa is post-transcriptional and involves a direct
C/EBPo—p21 interaction through the p21 C-terminus
(Timchenko et al., 1997). Although the C/EBPa-binding
site on p21 has not been mapped, we predict that C/EBPa.
prevents proteasome-mediated p21 degradation by block-
ing binding to the 20S proteasome. C/EBPo probably did
not contribute to Ras-induced p21 stabilization as its
expression is restricted to differentiated cells and was not
detectable in S3T3 cells (data not shown).

Given that the Raf/MAPK pathway has also been shown
to elevate p21 by transcriptional and post-transcriptional
mechanisms such as enhanced mRNA stability (Ravi et al.,
1999), it is the foremost signalling pathway regulating p21
expression at multiple levels. In Ras-transformed cells,
enhanced protein stability was the principal contributing
factor to the elevated p21 levels; mRNA levels were not
increased relative to parental cells (Figure 1C). However,
in agreement with previous reports (Sewing et al., 1997;
Woods et al., 1997), p21 mRNA was increased in Raf:ER
S3T3 cells following Raf activation for up to 48 h
(Figure 2D). Elevated transcription combined with
enhanced protein stability in the context of acute high-
intensity Raf signalling led to high growth-inhibitory
levels of p21 expression. The levels of p21 induced by Raf
activation were higher than in Ras-S3T3 cells (Figure 4A;
data not shown), which are not compromised for prolif-
eration by p21 and where protein stabilization is the
principal mechanism of p21 elevation. Therefore, part of
the Ras transformation process appears to involve the
repression of growth-inhibitory p21 transcription by the
Raf/MAPK pathway.

What is the basis for the lack of p21 mRNA induction in
cells stably transformed by Ras compared with cells in
which the Raf/MAPK pathway is acutely activated?
Fibroblasts transformed by oncogenic Ras or tumour cell
lines harbouring oncogenic Ras alleles overcome the
growth inhibitory action of the Raf/MAPK pathway via
the small GTPase Rho (Olson et al., 1998; Sahai et al.,
2001). Sahai et al. (2001) showed recently that sustained
activation of Raf selects for cells with high levels of
Rho activity. Rho represses p21 induction (Adnane et al.,
1998; Olson et al., 1998; Sahai et al., 2001), in part
through inhibition of its transcription, although other
post-transcriptional mechanisms may also contribute (our
unpublished observations). Therefore, sustained Raf/
MAPK signalling imposes a p2l-mediated cell cycle
arrest by transcriptional and post-translational mechan-
isms. Cells with high Rho activity repress the transcrip-
tional component sufficiently such that cell cycle
progression is permitted and these selected cells expand
out into a transformed population. Consistent with this
model, inhibition of Rho activity in Ras-transformed S3T3
cells results in elevated p21 mRNA and protein levels and
consequent growth inhibition (our unpublished observa-
tions; see also Sahai et al., 2001).

Elevated p21 levels have been associated with trans-
formation and poor patient prognosis with a variety of
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tumours, including prostate, ovarian, cervical and breast,
where p21 provocatively has been said to act as an
oncogene (Roninson, 2002). We propose that the elevated
p21 expression in some tumour cells probably reflects the
increased expression of C-terminal p21-binding partners
such as cyclin D1 that modify its degradation by the
proteasome. Interestingly, 60% of breast cancers over-
express p21, and this overexpression does not correlate
with p53 expression (Rey et al., 1998). However, p21 does
correlate with cyclin D1 overexpression; 93% of breast
tumours that overexpressed D-type cyclins also over-
expressed p21 (Russell et al., 1999), suggesting that a
relationship exists between p21 and cyclin D1 levels in
some human malignancies. In addition, activation of Raf
signalling in MCF10A human breast epithelial cells
elevated cyclin D1 mRNA and protein levels and
increased p21 protein expression without affecting p21
mRNA levels (Schulze et al., 2001). Also, the stability of
p21 in the MCF7 breast cancer cell line was enhanced
relative to other tumour lines, and correlated with the
overexpression of cyclin D1 in these cells (Russell et al.,
1999).

What might be the functional role of elevated p21 levels
in human tumour cells? Increased p21 expression may
maintain the transformed state through positive effects on
cell proliferation and protection from apoptosis (Roninson,
2002). Cells with elevated cyclin D1 levels probably
require additional p21 for assembly and nuclear localiza-
tion of cyclin D1 complexes with cdk4 or cdk6. We
observed that the Ras/sMAPK pathway uncouples cyclin D1
from the effects of proteasome inhibition (Figures 1B and
2C). Interestingly, cyclin D1 has been reported to be less
stable in cells lacking p21 and p27, suggesting that the
Cip/Kip proteins are required to maintain cyclin DI
protein levels (Cheng et al., 1999). p21-induced stabiliza-
tion probably works by inhibiting cyclin D1 nuclear
export, a requisite step for its ubiquitylation and degrad-
ation (Alt et al., 2002). In addition, through its reported
ability to inhibit pro-apoptotic proteins such as caspases
and apoptosis signal-regulating kinase 1 (ASKI)
(Roninson, 2002), elevated p21 may protect from
apoptosis induced by a variety of stimuli.

In conclusion, we have provided evidence for a novel
mechanism by which Ras regulates protein levels through
modulation of proteasome-mediated degradation. These
data highlight the importance of further studies into the
role of Ras signalling in the post-translational regulation of
protein expression and its contribution to the transformed
phenotype.

Materials and methods

Plasmids

pGEX K-cyclin, pcDNA3 p27 and pcDNA3 Flag-p21 were from
S.Mittnacht, Institute of Cancer Research, London, UK. pGEM-2 p21
and pGEX-2T C8a were from M.Allday, Ludwig Institute of Cancer
Research, London, UK. pBABE-puro Raf-1 [DD]J:ER was from
M.McMahon, UCSF Cancer Centre. pGEX p21 and p27 were from
X.Lu, Ludwig Institute for Cancer Research, London, UK. pSuper was
from R.Agami, Netherlands Cancer Institute. Murine cyclin D1 knock-
down pSuper vectors targeted coding sequence bases 334-356 (D1A) and
646-668 (DIB). Details of cloning procedures for pGEX-2T ANp21
(amino acids 86-164), pRKS cyclin D1-Myc, pGEX-6P1 cyclin DI,
pET32a-cyclin D1, pET32a-C8c, pSuperD1A and pSuperDIB are
available on request.



Cell culture and treatment

S3T3 fibroblasts were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS) at 37°C and
10% CO,. V12-H-Ras-transformed S3T3 cells have been described
previously (Leevers and Marshall, 1992). S3T3 cells stably expressing
Raf-1[DD]:ER were from E.Sahai, Institute of Cancer Research, London,
UK. Fibroblasts were serum starved to avoid Rho-dependent repression of
p21 (Olson et al., 1998; Sahai et al., 2001; data not shown). NIH-3T3
fibroblasts were cultured and transfected as described previously
(Coleman et al., 2001). Ras-transformed Swiss 3T3 cells were transfected
with pSuperD1A and pSuperD1B, or empty pSuper, along with pPBABE
puro and selected with 2.5 pug/ml puromycin. LC was purchased from
Professor E.J.Corey, Harvard University, Boston, MA. UO126 was from
Promega and LY294002 was from Biomol. All other reagents were from
Sigma unless stated otherwise.

Protein extraction, immunoprecipitation and

western blotting

Cells were washed in phosphate-buffered saline (PBS) before lysis as
described previously (Coleman et al., 2001). For GST pull-down assays,
cells were lysed in Triton lysis buffer (TLB; 250 mM NaCl, 50 mM
HEPES pH 7, 5 mM EDTA, 10 mM -glycerol phosphate, 10 mM Naf,
1 mM sodium vanadate, 0.5 mM DTT, 0.2% Triton X100 plus protease
inhibitors). Protein concentrations of whole-cell lysates (WCLs) were
determined using BCA protein assay reagent (Pierce). Samples were
probed with goat anti-p21 (SC-397G), cyclin D1 (SC-450), cyclin D1
(SC-718), PCNA (SC-56), cyclin D3 (SC-6283), cyclin E (SC-481),
cyclin A (SC-596), Cdk4 (SC-601) (all from Santa Cruz), ERK2 (Ab122;
C.J.M.), phospho-ERK (M8159: Sigma), cyclin D2 (Research
Diagnostics), C8c (PW8110; Affiniti), B-catenin (C19220; Trans-
duction Labs) or anti-B-tubulin (N357; Amersham Pharmacia). Western
blots were developed with the enhanced chemiluminescence (ECL) kit
(Amersham Pharmacia). For quantitative immunoprecipitation, p21 was
purified from TLB-derived lysates using monoclonal mouse p21 antibody
Ab-4 (OP76, Oncogene Research) and immunoblotted for goat anti-p21
and rabbit anti-cyclin D1. Membranes were incubated with rabbit anti-
goat IgG bridge prior to probing with Cy5-conjugated anti-rabbit IgG
(Jackson Immunoresearch) and quantification with a STORM 850
scanner (Molecular Dynamics).

Pulse-chase analysis

Transfected NIH-3T3 cells were serum-starved overnight before incu-
bating in DMEM minus Met/Cys for 30 min and then labelling with
150 uC/ml EXPRE®»S*S labelling mix (NEN) for 1 h at 37°C. %S-
labelled cells were then chased in excess cold Met/Cys (DMEM plus 10X
L-Met and L-Cys; Gibco-BRL) for 2 h. Where indicated, cells were
incubated with UOI126, LY or vehicle controls, and treatments
maintained during the pulse—chase. Flag-tagged p21 was immunopreci-
pitated from 100 pug of WCL with 2 g of anti-Flag antibody (M2; Kodak)
for 2 h at 4°C. Following SDS-PAGE, transfer and exposure to a
Phosphorlmager screen, 33S-labelled p21 was quantified using a STORM
850 scanner and Imagequant software.

Northern blotting

Total RNA was isolated with the Qiagen RNeasy kit according to the
manufacturer’s instructions. RNA (10 ng) was separated by denaturing
agarose gel electrophoresis and transferred to BrightStar-Plus nylon
membranes (Ambion) before being probed using the contents and
instructions of the NorthernMax Kit (Ambion). p21 probe was made by
PCR from mouse cDNA using the primers sense, 5-CAATCCTGGT-
GATGTCCGACCTG-3’; and antisense, 5-GCAGAAGACCAATC
TGCGCTTGG-3" (40 cycles, annealing 52°C). Mouse cyclin D1 probe
was made with the primers sense, 5'-CTGACACCAATCTCCTCAAC-
GA-3’; and antisense, 5-TAGCAGGAGAGGAAGTTGTTGG-3" (40
cycles, annealing 55°C). Purified PCR products were labelled with the
Megaprime DNA labelling system (Amersham Pharmacia). The GAPDH
probe was from G.Mavria, Institute of Cancer Research, London, UK.

Recombinant protein preparations

His-Ral and GST were from S.Hooper, Institute of Cancer Research,
London, UK. Cultures of BL21(DE3) Escherichia coli (Stratagene) were
induced with 30 uM isopropyl-f3-D-thiogalactopyranoside (IPTG) for 16 h
at 25°C. Cells were lysed in 5 mM MgCl,, | mM dithiothreitol (DTT) and
protease inhibitors in Tris-buffered saline (TBS). Lysate supernatants
were incubated with glutathione—Sepharose beads (Amersham
Pharmacia) for 2 h at 4°C. Beads were washed extensively with lysis
buffer before eluting GST with 10 mM glutathione and dialysis against
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TBS at 4°C. For His fusions, cells were induced with 0.1 mM IPTG at
37°C for 2 h, before lysis in 50 mM NaH,PO,, 300 mM NaCl, 20 mM
imidazole, 20 mM B-mercaptoethanol and protease inhibitors (pH 8).
Lysates were sonicated and clarified before incubating supernatants with
Ni-NTA-agarose beads (Qiagen) for 1 h at 4°C. Beads were vortexed in
lysis buffer before eluting His with 250 mM imidazole and dialysis
against 50 mM NaH,PO,/300 mM NacCl, for 16 h at 4°C. Protein quality
and concentration were determined by Coomassie staining SDS-PAGE
gels with bovine serum albumin (BSA) as standard.

In vitro translation, association assays and pull-downs

For IVTT, pGEM-2 p21, pCDNA3 p27 or luciferase (TnT T7 control)
plasmid DNA were added to the TnT-coupled reticulocyte lysate system
(Promega; L4610) according to the manufacturer’s instructions and 3S-
labelled with L-[33S]methionine (Amersham; AG1094). His fusion
protein (2 pg) was bound to Ni-NTA beads for 2 h at 4°C before
blocking in 1 mg/ml BSA for 20 min at 25°C. Beads were resuspended
in HisBind buffer (250 mM NaCl, 10 mM imidazole, 10 mM
B-mercaptoethanol, 0.5% Triton X-100, 10 mM B-glycerol phosphate,
10 mM NaF, 10 mM sodium vanadate and protease inhibitors) before
adding IVTT p21 (5 pl) or luciferase for 1 h at 4°C. Competition between
cyclins and C8a. for p21 was investigated by adding increasing quantities
of GST-cyclin D1, GST-K-cyclin or GST-PCD control to samples at the
same time as p21. GST-PCD encodes the PAK1 CRIB domain fused to
GST (E.Sahai). Beads were washed in HisBind before associated proteins
were eluted with Laemmli buffer. GST pull-down experiments were
undertaken using 2 ng of GST fusion per 1 mg of protein derived from
cells lysed in ELB and incubated for 16 h at 4°C.

20S proteasomal assay of p21 degradation

20S proteasome purified from human erythrocytes was purchased from
Affiniti (PW8720). IVTT p21 (1 ul) or p27 (0.75 pl) and 2 pg of either
GST—cyclin D1 or GST-K-cyclin were made up to 20 pl with PBS.
Binding was permitted for 60 min at 30°C before the addition of 1 pug of
20S proteasome and incubation at 30°C for the times indicated. Reactions
were stopped with Laemmli buffer.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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