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We have created two knock-in mouse models to study the mechanisms that regulate p27 in normal cells and
cause misregulation of p27 in tumors: p27S10A, in which Ser10 is mutated to Ala; and p27CK−

, in which point
mutations abrogate the ability of p27 to bind cyclins and CDKs. These two mutant alleles identify steps in a
pathway that controls the proteasomal degradation of p27 uniquely in quiescent cells: Dephosphorylation of
p27 on Ser10 inhibits p27 nuclear export and promotes its assembly into cyclin–CDK complexes, which is, in
turn, necessary for p27 turnover. We further show that Ras-dependent lung tumorigenesis is associated with
increased phosphorylation on Ser10 and cytoplasmic mislocalization of p27. Indeed, we find that p27S10A is
refractory to Ras-induced cytoplasmic translocation and that p27S10A mice are tumor resistant. Thus,
phosphorylation of p27 on Ser10 is an important event in the regulation of the tumor suppressor function
of p27.
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The transitions from one phase of the cell cycle to the
next are driven by the activities of various cyclin/cyclin-
dependent kinase (CDK) complexes (Sherr and Roberts
2004). One level of regulation of cyclin–CDK complexes
is provided by cyclin–CDK inhibitors (CKIs), which
modulate their activity (Sherr and Roberts 2001). The
CKI p27Kip1 (p27) regulates the transition from G0,
through G1, into S phase (Nourse et al. 1994; Polyak et
al. 1994a,b; Toyoshima and Hunter 1994; Coats et al.
1996). The importance of p27 as a regulator of cell pro-
liferation is illustrated by the phenotype of the p27-null
mice, which display a marked increase in body size and
multiorgan hyperplasia (Fero et al. 1996; Kiyokawa et al.
1996; Nakayama et al. 1996). Moreover, p27 is also a
tumor suppressor in mice, as animals lacking p27 are
predisposed to both spontaneous and induced tumori-
genesis (Fero et al. 1996, 1998; Kiyokawa et al. 1996;
Nakayama et al. 1996). p27 is haploinsufficient for tu-
mor suppression, and loss of a single p27 allele is suffi-
cient to increase tumor incidence (Fero et al. 1998). p27
may also act as a tumor suppressor in humans, as de-
creased expression of nuclear p27 is commonly observed

in various human cancers and is a significant prognostic
marker for clinical outcome (Slingerland and Pagano
2000; Philipp-Staheli et al. 2001).

p27 protein levels are elevated in quiescent cells and
decrease following mitogen stimulation and entry into
G1 (Coats et al. 1996). p27 levels can be affected by tran-
scriptional and translational pathways, but the major
mechanisms for p27 regulation are thought to be post-
translational proteolytic degradation (Pagano et al. 1995;
Hengst and Reed 1996). Best understood is the proteo-
lytic pathway that causes p27 degradation in late G1-
and S-phase cells. Cdk2 first becomes active in late G1
and phosphorylates p27 on Thr187. This creates a recog-
nition site for the Skp2–SCF E3 ubiquitin ligase, which
ubiquitinates p27, thereby promoting its degradation by
the proteasome (Sheaff et al. 1997; Vlach et al. 1997;
Carrano et al. 1999; Montagnoli et al. 1999; Sutterluty et
al. 1999; Tsvetkov et al. 1999). In addition, a stable in-
teraction with cyclin–CDK complexes is important for
p27 turnover. Thus, a p27CK−

mutant that cannot bind to
cyclins and CDKs was still a substrate for phosphoryla-
tion on Thr187, but was not efficiently degraded (Vlach
et al. 1997; Montagnoli et al. 1999). Supporting this idea,
others have found a noncatalytic requirement for cyclin
A–CDK2 complexes for p27 turnover (Zhu et al. 2004).

However, analysis of a p27T187A knock-in mouse
model revealed that this phosphorylation-resistant form
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of p27 was stabilized in S phase but was still degraded
normally during G0 and G1, suggesting that other pro-
teolytic pathways must exist (Malek et al. 2001). In fact,
a second ubiquitin–proteasome pathway was recently
described that causes the degradation of p27 in the cyto-
plasm during the G1 phase, mediated by the KPC1 and
KPC2 E3 ubiquitin ligases (Kamura et al. 2004). CRM1-
mediated nuclear export of p27 was necessary for KPC1–
KPC2-mediated degradation, but it remains unknown
whether a direct modification of p27, such as phosphory-
lation, is also required (Kamura et al. 2004). Moreover, it
is unlikely that all p27 translocates into the cytosol in
G1 cells (Rodier et al. 2001; Boehm et al. 2002; Ishida et
al. 2002; Connor et al. 2003; McAllister et al. 2003; Ka-
mura et al. 2004; Shin et al. 2005). Indeed, when p27 is
confined to the nucleus either by pharmacological or ge-
netic inhibition of its nuclear export, its stability de-
creases (Rodier et al. 2001). It is therefore probable that
another turnover pathway acts during G1 in the nucleus.
Whether it involves a Skp2-containing ubiquitin ligase
that functions independently of Thr187 phosphorylation
remains to be clarified (Malek et al. 2001).

The main phosphorylation site on p27 is Ser10, which
has been found to regulate both its subcellular localiza-
tion and stability (Ishida et al. 2000; Rodier et al. 2001).
Phosphorylation at this site, or mutation of Ser10 to a
phospho-mimetic residue (Asp or Glu), correlates with
increased stability of p27, which is consistent with this
being a modification primarily detected in nondividing
cells (Ishida et al. 2000; Rodier et al. 2001; Boehm et al.
2002; Deng et al. 2004). The mechanism by which Ser10
phosphorylation stabilizes p27 in the G0 nucleus is not
understood.

Although Ser10 phosphorylation is associated with
p27 stabilization in quiescent cells, it has also been
linked to p27 degradation in G1. Several groups reported
that Ser10 phosphorylation of p27 was required for its
export from the nucleus, possibly by mediating the bind-
ing of p27 to the exportin CRM1 (Rodier et al. 2001;
Boehm et al. 2002; Ishida et al. 2002; Connor et al. 2003;
McAllister et al. 2003; Shin et al. 2005). This may trigger
p27 degradation in the cytoplasm of G1 cells, possibly by
the KPC pathway. Several kinases are capable of phos-
phorylating p27 on Ser10: Mirk/dyrk1B phosphorylates
and stabilizes p27 in quiescent cells (Deng et al. 2004),
while hKIS phosphorylates this site at the G0–G1 tran-
sition following mitogen stimulation, and this is accom-
panied by translocation of p27 in the cytoplasm (Boehm
et al. 2002). Other kinases, such as PKB/Akt and ERK2,
were also reported to phosphorylate p27 on Ser10, at
least in vitro (Ishida et al. 2000; Fujita et al. 2002).

The regulation of p27 stability and subcellular local-
ization, which are critical for the control of p27 function,
are complex phenomena modulated by phosphorylation
and protein–protein interactions. In order to dissect the
importance of these events in the regulation of p27 sta-
bility, localization, and function in vivo, both in physi-
ological and pathological settings, we constructed
knock-in mice harboring specific point mutations in the
p27 gene. In the experiments described below, we fo-

cused on the unexpected interactions between two path-
ways that have been proposed to regulate p27 stability:
its phosphorylation on Ser10 and its assembly into com-
plexes with cyclins and CDKs. In quiescent cells, phos-
phorylation of p27 on Ser10 regulated its subcellular lo-
calization and its association with cyclin–CDK com-
plexes, and this was critical for controlling p27 stability.
Not only do we show that this constitutes a new turn-
over pathway for p27 that is uniquely active in quiescent
cells but also that it represents a key mechanism for
regulating the tumor suppressor function of p27.

Results

Generation of p27S10A and p27CK−
mice

To investigate the pathways that control p27 turnover,
we engineered knock-in mice in which the p27 gene was
mutated at specific sites (Fig. 1A): In one strain, the
p27S10A allele carried a mutation of Ser10, the main
phosphorylation site on p27, to Ala (Ishida et al. 2000); in
the other strain, the p27CK−

allele carried the mutations
Arg30 to Ala and Leu32 to Ala in the cyclin-binding do-
main of p27, and Phe62 to Ala and Phe64 to Ala in the
CDK-binding domain of p27. The p27CK−

mutation has
previously been reported to abolish p27 binding to cy-
clins and CDKs (Vlach et al. 1997), and this was
confirmed by us (see below). Precise replacement of the
endogenous p27 gene with the mutant alleles was con-
firmed by Southern blot (data not shown), genomic PCR
(Fig. 1B), and DNA sequencing (data not shown). The
progeny from p27+/S10A × p27+/S10A or p27+/CK−

× p27+/CK

crosses were recovered with approximately the expected
Mendelian ratios (Table 1). Below, we describe how mu-
tation of either Ser10 or the cyclin–CDK-binding domain
affects p27 function and regulation both in vivo and in
cell culture, and then consider how these elements in-
teract with each other to control p27 stability during the
cell cycle.

The p27CK−
mutation

Mice lacking p27 have an increased growth rate and ma-
ture body size because of the occurrence of extra cell
divisions in essentially all lineages, presumably a conse-
quence of the lack of cyclin–CDK regulation by p27 (Fero
et al. 1996; Kiyokawa et al. 1996; Nakayama et al. 1996).
This is supported by the phenotype of the p27CK−

mice,
which were similarly affected. We weighed cohorts of 30
animals per genotype weekly for 3 mo after weaning.
Mice homozygous for p27CK−

were larger than their wild-
type littermates, and p27+/CK−

had an intermediate phe-
notype (Fig. 1C, upper panels). Moreover, certain organs
such as the spleen and thymus are differentially enlarged
in p27-null mice, and those organs were also dispropor-
tionately larger in the p27CK−

background (Fig. 1D).
We confirmed that the p27CK−

protein did not associate
with cyclins or CDKs. The presence of p27 bound to
cyclins A, E1, or D1 was determined by immunoprecipi-
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tation (IP) from primary mouse embryonic fibroblast
(MEF) extracts. Whereas wild-type p27 associated with
all three cyclins, the p27CK−

protein was associated with
none (Figs. 1E, 5D–F; Supplementary Fig. 5). Thus, both

phenotypic and molecular observations confirm that the
p27CK−

mutation prevents the interaction of p27 with
cyclins and CDKs. We are continuing to characterize the
phenotype of p27CK−

mice in order to address whether

Figure 1. Construction of p27 mutant mice. (A) Targeting strategy for generating p27 knock-in mice. Schematic of the targeting
construct used to replace the wild-type p27 genomic region with the p27S10A or p27CK−

alleles. The Southern probe as well as the PCR
primers used for screening recombinant ES cells and genotyping transgenic mice are indicated. (B) Genotyping PCR. Using the primers
shown in A, the wild-type allele gives a PCR product of ∼500 bp and the recombinant allele (either p27S10A or p27CK−

) a 700-bp product.
(C) Size increase of the p27CK−/CK−

mice. Thirty animals per genotype were weighed weekly from weaning to 3 mo of age. Both male
and female p27CK−/CK−

mice are larger than their wild-type counterparts. The size of p27S10A/S10A mice was not significantly affected,
although females were slightly larger. (D) Percent increases in the mean weight of individual organs from 12 p27CK−/CK−

males compared
with that of 10 wild-type mice. (E) p27CK−

does not interact with cyclin D1. Cyclin D1 was immunoprecipitated from the indicated primary
MEF extracts. Immunoprecipitates were resolved on SDS-PAGE and the membrane was probed for p27 (C19), stripped, and reprobed
successively for CDK4 and cyclin D. The control lane (C) refers to an IP of wild-type extract with an irrelevant antibody.
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there are cyclin–CDK-independent functions of p27 (A.
Besson and J.M. Roberts, in prep.).

We next examined the effect of the p27CK−
mutation

on the abundance of the p27 protein in vivo. In all tissues
tested (spleen, uterus, brain, liver, thymus, and lung),
p27CK−

levels were increased (Fig. 2A; data not shown).
Similar results were obtained by immunohistochemis-
try, which revealed a stronger signal for p27CK−

than
wild-type p27 in the brain (Supplementary Fig. 1A). p27
levels in primary MEFs derived from wild-type and
p27CK−

embryos were similar to those observed in tis-
sues, with p27CK−

being elevated in all conditions (expo-
nentially growing, serum starved, or confluent) (Fig. 2C).

To further explore the effect of the p27CK−
mutation on

p27 abundance, we monitored primary MEFs following
serum stimulation over a 24-h time course both for p27
levels (Fig. 2D) and progression through the cell cycle by
flow cytometry (Fig. 2E). As previously reported, wild-
type p27 levels were elevated in serum-starved cells, pro-
gressively decreased during G1 (between 3 h and 15 h),
and remained low in S phase (between 18 h and 24 h). In
contrast, p27CK−

protein levels were strikingly different
from wild-type p27. As expected, the relative abundance
of the p27CK−

protein was increased in S-phase cells, con-
sistent with the requirement for phosphorylation of p27
by cyclin E–CDK2 and binding to cyclin–CDK for ubiq-
uitination by the SCF-Skp2 E3 ligase (Sheaff et al. 1997;
Vlach et al. 1997; Montagnoli et al. 1999; Zhu et al.
2004). Surprisingly, the p27CK−

protein was also elevated
in quiescence, suggesting that cyclin–CDK–p27 het-
erotrimer assembly also sets the level of p27 in nondi-
viding cells. The p27CK−

protein behaved similarly to
wild-type p27 only during entry into G1 following serum
stimulation, where both proteins were effectively down-
regulated (Fig. 2D). Thus, p27 regulation during G1 was
independent of its binding to cyclins and CDKs and
therefore proceeded by a pathway that was distinct from
those that operated in quiescence and S phases.

We directly tested whether the p27CK−
mutation af-

fected p27 steady-state abundance by changing its rate of
degradation. The rate of p27 turnover was measured in
exponentially growing (Fig. 3A), serum-starved (Fig. 3B),
G1-phase (Fig. 3C), and S-phase (Fig. 3D) primary MEFs
using cycloheximide to block protein synthesis. The
graph in Figure 3E represents the means and standard
deviations for p27 half-lives obtained in multiple experi-
ments at each phase of the cell cycle. In every case, the

effect of the p27CK−
mutation on p27 steady-state protein

abundance could be explained by its effect on p27 turn-
over. The p27CK−

protein was more stable than wild-type
p27 in exponentially growing cells, in S-phase cells, and
in quiescent cells (Fig. 3). Importantly, the rate of p27CK−

degradation was significantly increased during G1 com-
pared with other phases of the cell cycle (Fig. 3C,E), with
the small difference between it and wild-type p27 prob-
ably reflecting the fact that not all cells entered the cell
cycle following serum stimulation and that this was
therefore only an enriched population for G1 cells (Fig.
3E). We concluded that the formation of heterotrimeric
p27–cyclin–CDK complexes is required for p27 degrada-
tion both in quiescent cells and during S phase.

The p27S10A mutation

In confirmation of recent reports, we observed that the
abundance of the p27S10A protein was decreased in qui-
escent cells compared with wild-type p27, both in vivo
and in vitro (Deng et al. 2004; Kotake et al. 2005).
p27S10A protein levels were decreased in extracts from all
tissues examined (Fig. 2A,B), and this was consistent with
p27 immunohistochemistry in the brain of p27S10A mice
(Supplementary Fig. 1B). As expected, no signal was de-
tected when extracts from the brain or MEFs from p27S10A

mice were probed with a phospho-Ser10 p27-specific anti-
body, while both wild-type p27 and p27CK−

displayed abun-
dant Ser10 phosphorylation (Fig. 2B,C). Similarly to what
was observed in tissues, the p27S10A protein was decreased
in abundance relative to wild-type p27 in primary MEFs
independently of culture conditions (Fig. 2C).

Analyses of synchronized MEFs demonstrated that the
p27S10A mutation specifically affected p27 abundance
and stability in quiescent cells. p27S10A protein levels
were low in quiescent MEFs, and in response to serum
stimulation they were rapidly down-regulated to lower
levels than wild-type p27 in G1 and S phases (Fig. 2D).
No significant difference in cell cycle distribution was
observed by flow cytometric analyses between wild-type
p27, p27CK−

, and p27S10A MEFs following serum stimu-
lation (Fig. 2E). To determine whether the difference in
abundance of p27S10A was due to altered turnover rate of
the protein, the half-life of p27S10A was determined in
the various phases of the cell cycle (Fig. 3). In MEFs se-
rum starved for 72 h, p27S10A had a considerably shorter
half-life (∼4.5 h) than wild-type p27 (∼8 h), indicating that
phosphorylation of p27 on Ser10 normally stabilizes p27
in quiescent cells (Fig. 3B,E). On the other hand, the
S10A mutation had relatively little effect on p27 stabil-
ity in G1 or S phases (Fig. 3C–E). To confirm that the
lack of Ser10 phosphorylation was, indeed, responsible
for the instability of p27S10A in quiescent cells, a p27S10E

mutant, in which Ser10 is replaced by the phospho-mi-
metic amino acid Glu, was expressed in p27-null MEFs.
In quiescent cells, p27S10E was very stable following cy-
cloheximide treatment compared with wild-type p27 or
p27S10A (Fig. 4A). We also found that p27 was degraded
via a proteasome-dependent pathway in quiescent cells,
as addition of the proteasome inhibitor MG132 in con-

Table 1. Ratios of p27+/CK−
× p27+/CK−

and p27+/S10A ×
p27+/S10A progeny

+/S10A × +/S10A Genotype +/+ +/S10A S10A/S10A

Number of animals 314 73 163 78
Percentage 100% 23.2% 51.9% 24.8%

+/CK− × +/CK− Genotype +/+ +/CK− CK−/CK−

Number of animals 327 96 153 78
Percentage 100% 29.3% 46.8% 23.9%
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junction with cycloheximide efficiently blocked wild-
type p27, p27CK−

, and p27S10A turnover (Fig. 4B).

Mechanism of stabilization of p27CK−

Our data indicate that p27 turnover in G0 requires bind-
ing to cyclin/CDK complexes. However, which cyclins

and/or CDKs are involved and whether CDK activity is
required are unclear. To determine the importance of a
direct interaction with cyclin or CDK or both proteins in
p27 turnover in G0, we measured the half-lives of p27C−

(Arg30 to Ala and Leu32 to Ala) and p27K−
(Phe62 to Ala

and Phe64 to Ala). The interaction with cyclin appeared
critical for turnover in quiescent cells, as p27C−

had a

Figure 2. Opposite effects of the p27CK−
and p27S10A mutations on p27 levels and on p27 degradation following growth stimulation.

(A) Tissue expression of p27 in p27+/+ (WT), p27S10A (S10A), p27−/−, and p27CK−
(CK−) mice. Equal amounts of tissue extracts (spleen,

brain, uterus, liver) were probed successively with a polyclonal p27 antibody (C19) and with a monoclonal anti-Grb2 antibody to
evaluate protein loading. (B) Lack of Ser10 phosphorylation of the p27S10A mutant. Brain extracts were probed successively with a
phospho-Ser10 p27-specific antibody, and for p27 and Grb2 (loading control). (C) p27S10A and p27CK−

levels in primary MEFs in different
culture conditions. MEFs were either exponentially growing (Exp growing), serum starved for 72 h (0.1% FCS), or kept confluent for
24 h (Confluent). The membrane was probed as in B. (D) p27S10A and p27CK−

have oppositely altered kinetics of degradation following
serum stimulation. Wild-type, p27S10A, and p27CK−

primary MEFs were serum starved for 72 h and replated in the presence of 10%
serum. Membranes were probed as in A. (E) Flow cytometric analyses of the cell cycle of wild-type, p27S10A, and p27CK−

primary MEFs.
Parallel cell cultures as in D were treated similarly and collected for flow cytometry.

p27 stability and tumor suppression

GENES & DEVELOPMENT 51




























