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A pathway in quiescent cells that

controls p27%P! stability, subcellular
localization, and tumor suppression

Arnaud Besson,! Mark Gurian-West,! Xueyan Chen,! Karen S. Kelly-Spratt,> Christopher J. Kemp,”
and James M. Roberts!?

'"Howard Hughes Medical Institute, Division of Basic Sciences, 2Division of Human Biology, Fred Hutchinson Cancer
Research Center, Seattle, Washington 98109, USA

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: p275'°4, in which Ser10 is mutated to Ala; and p27<¥, 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 p2
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refractory to Ras-induced cytoplasmic translocation and that p275'°* 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 p27%P! (p27) regulates the transition from GO,
through GI, 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

3Corresponding author.

E-MAIL jroberts@fhcrc.org; FAX (206) 667-6877.

Article and publication are at http://www.genesdev.org/cgi/doi/10.1101/
gad.1384406.

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 GI1-
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 p27<% 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 p27"'%74 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 GO 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 Serl0 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 GO nucleus is not
understood.

Although Serl0 phosphorylation is associated with
p27 stabilization in quiescent cells, it has also been
linked to p27 degradation in G1. Several groups reported
that Serl0 phosphorylation of p27 was required for its
export from the nucleus, possibly by mediating the bind-
ing of p27 to the exportin CRMI1 (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 GO-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 SerlO, 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-
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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 Serl0 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 p2751°4 and p27°% 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
p275194 allele carried a mutation of SerlO, the main
phosphorylation site on p27, to Ala (Ishida et al. 2000); in
the other strain, the p27°K 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 p27“¥ 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+/5104A 5 p27+/S104 op p 7+/CK" ¢ 2 7+/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 p27°K 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 p27“% mice,
which were similarly affected. We weighed cohorts of 30
animals per genotype weekly for 3 mo after weaning.
Mice homozygous for p27<¥ were larger than their wild-
type littermates, and p27*/“¥ 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 p27<¥ background (Fig. 1D).

We confirmed that the p27<¥ 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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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 p27574 or p27°% 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 p2751°4 or p27°%) a 700-bp product.
(C) Size increase of the p27“¥ /% mice. Thirty animals per genotype were weighed weekly from weaning to 3 mo of age. Both male
and female p27 % /X" mice are larger than their wild-type counterparts. The size of p275!94/51°4 mice was not significantly affected,
although females were slightly larger. (D) Percent increases in the mean weight of individual organs from 12 p27<%/<%¥ males compared
with that of 10 wild-type mice. (E) p27<% 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.

tation (IP) from primary mouse embryonic fibroblast phenotypic and molecular observations confirm that the
(MEF) extracts. Whereas wild-type p27 associated with p27<% mutation prevents the interaction of p27 with
all three cyclins, the p27<¥ protein was associated with cyclins and CDKs. We are continuing to characterize the
none (Figs. 1E, 5D-F; Supplementary Fig. 5). Thus, both phenotype of p27°¥ mice in order to address whether
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Table 1. Ratios of p27*/°K x p27+/°K and p27+/5104 x
p27+/5194 progeny

+/SIOA x +/SI0A  Genotype  +/+  +/SIOA S10A/S10A

Number of animals 314 73 163 78
Percentage 100% 232%  51.9% 24.8%
+/CK™ x +/CK~ Genotype  +/+ +/CK~ CK/CK~
Number of animals 327 96 153 78
Percentage 100% 29.3%  46.8% 23.9%

there are cyclin—-CDXK-independent functions of p27 (A.
Besson and J.M. Roberts, in prep.).

We next examined the effect of the p2 mutation
on the abundance of the p27 protein in vivo. In all tissues
tested (spleen, uterus, brain, liver, thymus, and lung),
p27<¥ levels were increased (Fig. 2A; data not shown).
Similar results were obtained by immunohistochemis-
try, which revealed a stronger signal for p27<% than
wild-type p27 in the brain (Supplementary Fig. 1A). p27
levels in primary MEFs derived from wild-type and
p27<% embryos were similar to those observed in tis-
sues, with p27<% being elevated in all conditions (expo-
nentially growing, serum starved, or confluent) (Fig. 2C).

To further explore the effect of the p27<¥ 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, p27<% protein levels were strikingly different
from wild-type p27. As expected, the relative abundance
of the p27<%¥ 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 ubig-
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 p27<¥ 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 p27<¥ 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 p27<® 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),
Gl-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
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effect of the p27°% mutation on p27 steady-state protein
abundance could be explained by its effect on p27 turn-
over. The p27<¥ 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 p27<%
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 p2751°4 mutation

In confirmation of recent reports, we observed that the
abundance of the p275'°* 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).
p2751%4 protein levels were decreased in extracts from all
tissues examined (Fig. 2A,B), and this was consistent with
p27 immunohistochemistry in the brain of p275'°* mice
(Supplementary Fig. 1B). As expected, no signal was de-
tected when extracts from the brain or MEFs from p275'94
mice were probed with a phospho-Ser10 p27-specific anti-
body, while both wild-type p27 and p27<¥ displayed abun-
dant Ser10 phosphorylation (Fig. 2B,C). Similarly to what
was observed in tissues, the p275'%4 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
p275194 mutation specifically affected p27 abundance
and stability in quiescent cells. p275'%4 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, p27°%, and p275'°* MEFs following serum stimu-
lation (Fig. 2E). To determine whether the difference in
abundance of p2751%4 was due to altered turnover rate of
the protein, the half-life of p275'°* was determined in
the various phases of the cell cycle (Fig. 3). In MEFs se-
rum starved for 72 h, p2751°2 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 Serl0 phosphorylation was, indeed, responsible
for the instability of p2751%4 in quiescent cells, a p275!°F
mutant, in which Ser10 is replaced by the phospho-mi-
metic amino acid Glu, was expressed in p27-null MEFs.
In quiescent cells, p275'°F was very stable following cy-
cloheximide treatment compared with wild-type p27 or
p2751°4 (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-
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Figure 2. Opposite effects of the p27°¥ and p275'°* mutations on p27 levels and on p27 degradation following growth stimulation.

(A) Tissue expression of p27 in p27+/* (WT), p2751°4 (S10A), p27~/-, and p27<%" (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 Serl0 phosphorylation of the p275!°4 mutant. Brain extracts were probed successively with a
phospho-Ser10 p27-specific antibody, and for p27 and Grb2 (loading control). (C) p275'°* and p27°¥ 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) p275'°* and p27“% have oppositely altered kinetics of degradation following
serum stimulation. Wild-type, p275'°#, and p27“% 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, p275'°4, and p27% primary MEFs.
Parallel cell cultures as in D were treated similarly and collected for flow cytometry.

junction with cycloheximide efficiently blocked wild- and/or CDKs are involved and whether CDK activity is
type p27, p27<%¥, and p275'°4 turnover (Fig. 4B). required are unclear. To determine the importance of a
direct interaction with cyclin or CDK or both proteins in
p27 turnover in GO, we measured the half-lives of p27<
(Arg30 to Ala and Leu32 to Ala) and p27% (Phe62 to Ala
Our data indicate that p27 turnover in GO requires bind- and Phe64 to Ala). The interaction with cyclin appeared
ing to cyclin/CDK complexes. However, which cyclins critical for turnover in quiescent cells, as p27< had a

Mechanism of stabilization of p27<%
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half-life similar to that of p27<%; however, the interac-
tion with CDK may also be important since the half-life
of p27% was intermediate between wild-type p27 and
p27< (Fig. 4C). This was consistent with previous data
showing that the cyclin-binding domain is more impor-
tant for the stable assembly of the p27-cyclin—-CDK com-
plex than is the CDK-binding domain (Vlach et al. 1997),
and was also in agreement with a study on the require-
ments for p27 ubiquitination in vitro (Ungermannova et
al. 2005). Pharmacological CDK inhibitors, roscovitine
or olomoucine, had no significant effect on p27 half-life
in serum-starved wild-type or p275'°* primary MEFs
(Supplementary Fig. 2), indicating that CDK activity was

52 GENES & DEVELOPMENT

Exponentially growing Starved

n=5 n=4 n=3 n=3

not required for p27 turnover during quiescence. Next
we monitored p27 half-life in MEFs lacking specific cy-
clins or CDKs (cyclin D17/7, cyclin D1/D27/~, cyclin E1/
E27/-, CDK2/-, and CDK4/-). The absence of one type
of cyclin or CDK did not significantly affect p27 half-life
in GO (Supplementary Fig. 3). Therefore, the cyclin/CDK
complexes that are present in quiescent cells may be
functionally interchangeable with respect to promoting
p27 turnover.

One of the amino acids mutated in p27<%, Leu3?, is
part of a putative nuclear export signal in p27 (between
amino acids 32 and 45) and has been proposed to mediate
p27’s interaction with CRM1 (Connor et al. 2003). How-
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Figure 4. The instability of p275'°* de-
pends on its ability to interact with cyclin-
CDK complexes. (A) A SerlO-phospho-
mimetic mutant (p275'°F) is stable in qui-
escent cells. p27-null immortalized MEFs
were retrovirally infected with either
wild-type p27 (p27/pQH-p27), p275'°A
(P27 pQP-p2751°4), or p2751°F (p27-/-pQP-
p2751%E). After selection of infected MEFs,
cells were serum starved, treated with
CHZX, and processed as described in Figure
3. (B) p27 degradation is proteasome-depen-
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ever, we found that endogenous p27<* could be coim-
munoprecipitated with endogenous CRM1, similarly to
wild-type p27 (Fig. 4D). This ruled out the possibility
that the p27<% mutation increased p27 stability due to a
defect in CRM1-mediated export. The increased stability
of the p27" protein, which is mutated outside of the
proposed CRM1-binding domain, also indicated that the
affected turnover pathway did not involve CRM1.

A pathway for p27 turnover in quiescent cells

Phosphorylation of p27 on Ser10 and the ability of p27 to
interact with cyclins and CDKs both regulate p27 stabil-
ity in quiescent cells. To determine if these events were
part of a single pathway, we tested how the conjunction
of the SIOA and CK™ mutations affected p27 stability.
We found that the p2751°4/K" double mutant was as
stable as the p27<% mutant in quiescent (Fig. 4E) or ex-
ponentially growing cells (Supplementary Fig. 4), sug-
gesting that cyclin-CDK assembly functions down-

dent in quiescent cells. Wild type (WT),
p27519A (S10A), and p27°% (CK") primary
MEFs were serum starved for 72 h and

treated with 25 pg/mL CHX or with both
CHX and 10 pM MG132 for the indicated

time. Samples were processed as in Figure

3. (C) Cyclin interaction is critical for p27
turnover in GO. The half-lives of wild-type

p27-/- LNSX-810A/CK-
8 12 16

p27, p27€ (p27/pQP-p27€), and p27¥
(p27/pQP-p27¥’) were determined as in A.
(D) p27°%" can still interact with CRM1.
CRM1 was immunoprecipitated from ex-
tracts prepared from primary wild-type or
p27<% MEFs either serum starved for 72 h,
or starved and stimulated for 4 h with 10%
serum. Immunoprecipitates were resolved
on SDS-PAGE and probed for p27. A frac-
tion of the extracts was used for Western
blotting to determine the amounts of
CRMI, p27, and Grb2 (loading control)
present in these cells. (E) Stabilization of a
p2751° mutant that cannot bind cyclins
and CDKs (p275'94/€K’) in quiescent cells.
p27-null MEFs were retrovirally infected
with either wild-type p27 (p27/"LNSX-p27),
P27 (p27/pQH-CK™), or p275104/CK
(p277/"LNSX-S10A/CK"), and treated as in A.

CHX in Hours

stream of, or coincidentally with, Ser10 phosphorylation
to control p27 stability.

An attractive hypothesis to explain the above result is
that Ser10 phosphorylation may determine the rate of
p27 turnover by inhibiting the ability of p27 to associate
with cyclins and CDKs. Indeed, we found that the
p275194 mutation had a dramatic effect on p27 assembly
into cyclin-CDK complexes. We performed IPs using a
monoclonal p27 antibody (F8) that recognizes free p27,
but not p27 bound to cyclin—-CDK complexes (see below).
When this antibody was used to immunoprecipitate p27
in serum-starved or exponentially growing primary MEF
extracts (Fig. 5A,B, respectively), hardly any p275'°* was
detected, while wild-type p27 and p27<¥ were readily
detected, consistent with the fact that the latter cannot
bind cyclins and CDKs. In addition, no cyclin D was
detected in these IPs (Fig. 5A,C). To rule out the possi-
bility that the SI0A mutation disrupted the epitope rec-
ognized by this antibody, we used p27~/~ MEFs retrovi-
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Figure 5. Most p275!%4 is bound to cyclin-CDK
complexes. IPs in primary MEF protein extracts.
(A,B) IP with a monoclonal p27 antibody (p27 F8)
that immunoprecipitates only free p27 in serum-
starved (A) or exponentially growing (B) cells.
The amounts of p27 present in the cell extracts
used for IP are also indicated. Immunoprecipi-
tates were resolved on SDS-PAGE, and mem-
branes were probed with a polyclonal p27 anti-
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body (C19). In A, the membrane was stripped and
reprobed with a polyclonal antibody to cyclin D.
(C) Same as A, except that an additional extract
from p27~/- cells expressing a p2751°4/CX” mutant
was used for IP. (D) Same as C with IPs performed
with a polyclonal p27 antibody (C19) that immu-
noprecipitates all forms of p27. (E,F) IPs with a
monoclonal cyclin D1 antibody in serum-starved
(E) or exponentially growing (F) primary MEFs.
Membranes were probed successively with poly-
clonal antibodies to phospho-Serl0 p27, p27,
CDK4, and cyclin D. For F, the cell extracts used
were the same as in B. In B and F, the control lane
(C) corresponds to an IP of wild-type extract per-
formed with an irrelevant antibody.
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Ro. CDK4
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rally infected with the p2751°4/“%¥" double mutant. This
mutant was immunoprecipitated very efficiently by the
p27 F8 antibody, while very little p275'%4 could be de-
tected (Fig. 5C). In contrast, coimmunoprecipitation of
cyclin D1 with either wild-type p27 or p275'°4 was
readily detected with a polyclonal anti-p27 antibody (Fig.
5D), while no cyclin D1 could be detected in association
with p27<¥ or p27510A/CK" Thus, most p275!°4 protein
is bound to cyclin-CDK complexes, whereas the wild-
type p27 protein is found in both the bound and free
compartments.

In further support of an effect of the p2 mutation
on p27’s assembly into cyclin-CDK complexes, coim-
munoprecipitation experiments were performed to mea-
sure the amount of p27 associated with various cyclins.
In serum-starved primary MEFs, the amount of p275194
coimmunoprecipitated with cyclin D1 was similar to the
amount of wild-type p27 associated with cyclin D1, de-
spite the fact that the total amount of p275'°# in the cell
was reduced compared with wild-type p27 (Fig. 5E).

7SlOA
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Similar results were obtained in exponentially growing
MEPFs (Fig. 5F). Likewise, Cyclin A and Cyclin E coim-
munoprecipitations yielded similar or higher amounts of
p275'94 compared with wild-type p27 (Supplementary
Fig. 5), despite the lower overall abundance of p275'°4,

The increased ability of the p275!%# protein to associ-
ate with cyclins and CDKs was also supported by the
phenotype of the knock-in mice. p275194/S19A homozy-
gous mice expressed the p27 protein at a level similar to
mice heterozygous for p27 (p27*/7; i.e., 50% of normal
wild-type levels). However, whereas p27*/~ mice showed
an increased body size and generalized organomegaly
(Fero et al. 1996), the p2751°4/519A homozygous male
mice were indistinguishable from wild-type mice in
these respects, and the p275194/810A homozygous fe-
males had an increased size of only borderline signifi-
cance (Fig. 1C). Together, the molecular and phenotypic
data show that the p275!°* mutation promotes the asso-
ciation of p27 with cyclin-CDK complexes, and suggest
that Serl0 phosphorylation and heterotrimer assembly


http://www.genesdev.org

Downloaded from www.genesdev.org on February 21, 2007

operate in a single p27 turnover pathway in quiescent
cells.

One possible explanation for these data is that Ser10
phosphorylation directly affects the binding of p27 to
cyclins and CDKs or that it modulates its ability to in-
hibit cyclin/CDK complexes. To test this, the ability of
recombinant p27, p275'°4, and the phospho-mimetic
mutant p275!°F to bind to and inhibit cyclin E-CDK2 in
vitro was measured. We found that the amounts of re-
combinant p27, p275'°4, and p275'°F bound to cyclin
E-CDK2 were similar (Fig. 6A). Likewise, the Ki of these
three forms of p27 for inhibition of recombinant cyclin
E-CDK2 were almost indistinguishable (Fig. 6B), indicat-
ing that the abilities of these proteins to bind to and to
inhibit cyclin E-=CDK2 complexes in vitro were not sub-
stantially different from one another.

An alternative hypothesis to explain the sequestration
of p275'%4 into cyclin-CDK complexes was that Ser10
phosphorylation promoted p27 export to the cytoplasm,
which would create a pool of unbound p27 by segregating
it from its cyclin and CDK partners (Rodier et al. 2001;
Boehm et al. 2002; Ishida et al. 2002; Connor et al. 2003).
To address this, the subcellular localization of the
p2751%% and wild-type p27 proteins in MEFs was com-
pared. In these experiments we previously found it cru-
cial to use p27-null MEFs as a control, because all avail-
able p27 antibodies detect a modest nonspecific back-
ground signal in the cytoplasm of fibroblasts (Besson et
al. 2004b). Wild-type p27 MEFs contained a prominent
nuclear pool of the p27 protein, and additionally a weak
cytoplasmic signal that was reproducibly stronger than
the background detected in the p27-null cells (Fig. 7;
Supplementary Fig. 6; Besson et al. 2004b). p2751°4 cells

A

Recombinant p27

IP Ra. Cyclin E

25ng
p27 S10A SI0E p27 S10A SI0E p27

Sng

Recombinant p27

p27 stability and tumor suppression

also contained a clear nuclear pool of p27 protein, but the
cytoplasmic signal did not surpass the nonspecific back-
ground signal detected in the p27-null cells (Fig. 7;
Supplementary Fig. 6). Nevertheless, since the overall
amount of p275!°4 was lower than the wild-type p27
protein, it was possible that some cytoplasmic p275'°4
protein was below the limit of detection. To overcome
this limitation, similar experiments were performed in
the presence of the proteasome inhibitor MG132, so that
if p27 were unstable in the cytoplasm, its abundance
would be increased by proteasome inhibition, making it
readily detectable. Indeed, in the presence of MG132, a
clear pool of cytoplasmic p27 was visible in wild-type
MEFs (Fig. 7; Supplementary Fig. 6). This pool was more
abundant following serum stimulation, consistent with
previous reports that p27 nuclear export is increased in
proliferating cells (Rodier et al. 2001; Boehm et al. 2002;
Connor et al. 2003; Shin et al. 2005). In contrast, al-
though proteasome inhibition increased the abundance
of nuclear p2751°4, hardly any p2751°2 could be detected
in the cytoplasm (Fig. 7; Supplementary Fig. 6). Further
evidence in support of the hypothesis that the p275!°4
mutation alters the subcellular localization of the pro-
tein is provided below, as is evidence that misregulation
of this pathway is critical during tumor progression.
Thus, our results suggest that the increased association
of p275'°4 with cyclin-CDK complexes is a likely con-
sequence of its sequestration in the nucleus.

Phosphorylation on Ser10 controls tumor suppression
by p27

p27 is a dosage-dependent tumor suppressor (Fero et al.
1998). Since the p275194/S104 homozygous mouse ex-
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Figure 6. p275'04, p2751%E  and wild-type
p27 bind to and inhibit cyclin E-CDK2 com-
plexes in vitro equivalently. (A) Recombi-
nant wild-type p27, p2751°4, and p275'°F bind
cyclin E-CDK2 complexes with similar af-
finities. The indicated amounts of recombi-
nant p27 proteins were incubated with cyclin
E-CDK2 complexes expressed in SF21 cells.
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Figure 7. Nuclear sequestration of p275194, Immunofluorescence with a monoclonal p27 antibody (clone 57; BD-Transduction
Laboratories) in the presence or absence of 10 tM MG132 in wild-type and p275'°4 MEFs either serum starved for 48 h (0.1% FCS),
or starved and stimulated with 10% FCS for 4 h or 8 h. All images were taken with identical settings using a 100x lens, with the
exposure time calculated on p27~/~ MEFs processed identically so that the nonspecific staining of the antibody was not visible.

pressed reduced amounts of p27, it might have been pre-
dicted that it would demonstrate increased tumor sus-
ceptibility, similar to the p27*/~ mouse. However, the
p275'%4 mutation increases its association with cyclin—
CDK complexes, probably by enforcing the nuclear re-
tention of p27, and thus may enhance the ability of p27
to inhibit cell proliferation. Therefore, the overall effect
of the Ser10 pathway on tumor suppression was not eas-
ily predicted.

To address the importance of Ser10 phosphorylation in
controlling tumor suppression by p27, we compared the
susceptibility of wild-type, p27*/~, p27~/~, and p275104/5104
mice to urethane-induced tumorigenesis. In this model,
mice develop primarily lung tumors that carry an acti-
vating mutation at codon 61 of the K-Ras oncogene
(Barbin 2000; Meuwissen and Berns 2005). Loss of one
allele of p27 was sufficient to significantly increase the
number of lung tumors compared with wild-type ani-
mals, but the loss of both p27 alleles did not further
increase tumor number (Fig. 8A). Even though p275'°4
protein levels in the lungs were similar to the p27 levels
found in the p27 heterozygous mice (Fig. 8B), p275104/S10A
mice developed less tumors than all the other groups.
Thus, despite equivalent levels of p27 protein expres-
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sion, p275104/S10A mice were substantially less suscep-

tible to lung tumor development than p27*/~ animals
(~6.7 tumors per animal compared with 12.6, respec-
tively).

When lung tumors were scored according to their size,
the number of small tumors (0-2 mm) mirrored the total
number of tumors (Fig. 8C). However, the number of
large tumors (2-4 mm) was directly proportional to the
number of p27 alleles: p27~/~ mice had more large tu-
mors than p27*/~ animals, and the latter had more large
tumors than wild-type mice (Fig. 8D). These results sug-
gested that the growth rate of tumors was related to the
dosage of the p27 protein, with the absence of p27 allow-
ing for faster growth. In contrast, p275'04/S10A had a
greatly reduced number of large tumors compared with
p27*/-, suggesting that tumors arising in the former had
reduced growth rate (Fig. 8D). Figure 8E shows represen-
tative lungs from urethane-treated animals of each geno-
type. In sum, p275104/510A mice were partially resistant
to lung tumor development, and the growth rate of tu-
mors arising in p275!94/519A animals was reduced.

Although our studies focused on lung tumorigenesis,
urethane treatment for 20 wk resulted in pituitary ad-
enomas and harderian gland tumors exclusively in the
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Figure 8. Decreased incidence and growth rate of urethane-induced lung tumors in p2 mice. (A) Total number of lung tumors
in wild-type, p27+/-, p27~/, and p275'°4 mice 20 wk following a single dose of urethane. Lungs were dissected and macroscopic tumors
were counted by visual inspection. The results were analyzed using a one-way analysis of variance with the Tukey-Kramer multiple
comparison test. (***) p < 0.001; (**) p < 0.01; (*] p < 0.05. (B) p275'°A protein levels in the lung are similar to p27 levels in p27*/~ mice.
Lung extracts from wild-type (WT), p27*/~, p27~/-, p275104/5104 (S10A), and p27<% /CK~ (CK~) mice were resolved on SDS-PAGE, and
the membrane was probed with a polyclonal p27 (C19) antibody, stripped, and reprobed with a monoclonal Grb2 antibody to evaluate
protein loading. (C,D) Lung tumors were counted according to their size: small tumors (between 0 and 2 mm in diameter) (C), and large
tumors (between 2 and 4 mm in diameter) (D). Statistical analyses were performed as in A. (E) Representative lungs for each mouse
genotype following dissection. Tumors are indicated by arrows.

Histological analyses revealed that all tumors devel-
oping in the lungs, regardless of the genotype of the

p27-null mice with a 100% penetrance (Table 2). Liver
hemangiomas were observed in animals of all genotypes,

with incidence increasing with the reduction of the
number of p27 alleles; and the lowest incidence observed
in p27S10A/S1I0A gnimals (Table 2). Uterine tumors
were observed with increasing penetrance in p27*/~ and
p27~/~ mice, but not in wild-type or p275104/S104 gpj.
mals. Ovarian granulosa cell tumors were seen in all
genotypes, but were more prominent in p27~/~ mice
(Table 2).

mice, were a mix of bronchioalveolar adenomas and pap-
illary adenomas (Fig. 9A). Cytoplasmic localization of
p27 is observed in many types of human cancers and is
considered a negative factor for prognosis (Slingerland
and Pagano 2000; Philipp-Staheli et al. 2001; Liang et al.
2002). In normal lung tissue, p27 was mostly localized in
the nuclei; however; in the tumors from wild-type and
p27*/~ mice, p27 was largely excluded from the nuclei of
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Table 2. Reduced incidence of urethane-induced tumors in p2751°4 mice

p27+/+ p27+/7 p277/7 p27SlOA/SloA
Tumor type Tumor incidence in % (number of cases/total number of individuals)
Pituitary tumor 0(0/20) 0(0/16) 100 (17/17) 0(0/15)
Harderian gland tumor 0 (0/20) 0 (0/16) 100 (17/17) 0(0/15)
Uterine hyperplasia 0(0/8) 30 (3/10) 73 (8/11) 0(0/3)
Ovaries, granulosa cell tumor 50 (4/8) 30(3/10) 82 (9/11) 33.3(1/3)
Liver hemangioma 25 (5/20) 50 (8/16) 59 (10/17) 20 (3/15)
Thymic lymphoma 0 (0/20) 12.5(2/16) 0(0/17) 6.7 (1/15)
Lung tumors 100 (20/20) 100 (16/16) 100 (17/17) 100 (15/15)

tumor cells (Fig. 9B). In contrast, in the tumors arising in
the p275104/510A ;mice, the p2751%4 protein remained pre-
dominantly nuclear (Fig. 9B). In these tumors, the com-
plete loss of the p27 protein was never observed, consis-
tent with our immunohistochemistry data (Fig. 9C).
However, Serl0 phosphorylation was abundant in tu-
mors from wild-type and p27*/~ animals, despite high
levels of proliferation as indicated by PCNA levels (Fig.
9C). This is unlike normal tissue, in which Ser10 phos-
phorylation is abundant only in nonproliferating cells.
These data suggest that tumor cells activated a Serl10-
dependent pathway that relocated much of the cellular
p27 to the cytoplasm.

Urethane-induced lung tumorigenesis has been shown
to be caused by mutational activation of K-Ras (Barbin
2000; Meuwissen and Berns 2005), and tumors harvested
from our cohort all showed evidence of activation of the
Ras pathway, as indicated by increased phospho-ERK1/2
levels (Fig. 9C). It has been reported that active Ras may
promote p27 mislocalization to the cytoplasm. However,
the importance of Ser10 phosphorylation in the pathway
by which Ras induces p27 nuclear export has not been
addressed (Liu et al. 2000; Kfir et al. 2005). We therefore
compared the subcellular localization of wild-type p27
and p27°5!%4 in MEFs expressing activated K-Ras (Fig. 10).
Overexpression of K-Ras V12 caused an increase in cy-
toplasmic wild-type p27, while it had little or no effect
on the localization of p275!°4 Most dramatically, Ras-
expressing cells treated with the proteasome inhibitor
MG-132 accumulated large amounts of wild-type p27
protein in the cell cytoplasm, whereas p275!°* accumu-
lated almost exclusively in the cell nucleus. Thus, Ras-
induced cytoplasmic mislocalization of p27 occurred via
the Serl0-dependent nuclear export pathway. In sum,
our data suggest that the mutation of Ser10 to Ala im-
pairs the Ras-induced nuclear export of p27, thus provid-
ing an explanation for the lower tumor burden in
p27810A/S10A mijce and for the reduced growth rate of
these tumors. Therefore, phosphorylation of Ser10 may
constitute an important pathway by which tumor cells
modulate the tumor suppressor function of p27.

Discussion

The CDK inhibitor p27%®! plays a major role in regulat-
ing the transition between proliferating and quiescent
cell states. In quiescent cells, p27 levels are elevated and
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then decrease when cells enter the cell cycle, remaining
low through the S and G2/M phases. Remarkably, p27
expression is regulated by at least three pathways that
mediate its ubiquitin-dependent proteolysis, each of
which operates during a unique window of the cell cycle
or in a specific subcellular compartment: a nuclear Skp2-
dependent pathway that operates in S/G2 and M, and is
dependent on phosphorylation of p27 on T187 (Malek et
al. 2001; Nakayama et al. 2004); a KPC-dependent path-
way that acts in the cytoplasm of G1 cells (Kamura et al.
2004); and a less well-understood pathway that regulates
p27 degradation in quiescent cells. There may also be a
fourth p27 degradation pathway that acts in the nucleus
of G1 cells.

In the present study, we have used two genetically
engineered mouse strains to characterize the pathway for
p27 degradation that operates exclusively in quiescent
cells, and have further shown that misregulation of this
pathway is a key mechanism for disrupting p27’s tumor
suppressor function. p27<¥ mice carry point mutations
in the protein interaction domains that are necessary for
p27 to bind to cyclins and CDKs (Vlach et al. 1997). In
p275°4 mice, the main phosphorylation site on p27 has
been mutated to Ala (Ishida et al. 2000). Unexpectedly,
we discovered that these mutations together define a
single pathway for p27 degradation in quiescent cells.

The p27<¥ protein did not associate with, and there-
fore did not regulate, cyclins or CDKs, as evidenced by
its absence from cyclin and CDK immunoprecipitated
complexes, and by the increased growth rate and gener-
alized organomegaly of the p27°%/“¥ mice. p27<¥ pro-
tein levels were increased in tissues and MEFs, probably
because the degradation of p27<¥ was impaired in both
GO and S phases. The increased stability of p27<* in S
phase was largely expected since transfection experi-
ments had shown that p27<% was resistant to cyclin
E-CDK2-induced degradation, although it was still a tar-
get for phosphorylation on Thrl87 by cyclin E-CDK?2;
indicating a requirement for a stable interaction with
cyclin-CDK complexes for efficient turnover in S phase
(Vlach et al. 1997; Montagnoli et al. 1999). On the other
hand, the dramatically increased stability of p27<¥ in
quiescent cells demonstrated that cyclin-CDK binding
to p27 is also required for p27 turnover in GO. Thus, the
degradation of p27 both in S phase and GO requires its
assembly into cyclin-CDK complexes. In S phase this
involves the Skp2-SCF E3-ubiquitin ligase. However,
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Figure 9. Nuclear localization of p275'94

is maintained in lung tumors. (A) Lung tu-
mor histology. Five-micron-thick slices of
paraffin-embedded lungs tissues from wild-
type, p27+/-, p27/-, and p27510A/S104 mice
were stained with eosin and hematoxylin.
Tumors were classified as bronchioalveolar
adenomas and papillary adenomas. (B) p27
immunohistochemistry of lung tumors and
normal surrounding tissue. Five-micron-

Normal Lung
WT S104 p27+ WT S10A p27+-
S B o RO ... A

RaP-S$10 p27

Rap27

the ubiquitin ligase responsible for p27 turnover in GO is
unlikely to use Skp2. Indeed, not only is the recognition
motif for Skp2 (phospho-T187) unnecessary for p27 turn-
over in GO, but also quiescent Skp2-null cells do not
express increased amounts of p27 (Nakayama et al. 2000;
Hara et al. 2001; Malek et al. 2001). Studies using MEFs
lacking specific cyclins or CDKs did not implicate one
specific cyclin/CDK complex in p27 degradation in GO.
This is not surprising given the very high level of redun-
dancy among different cyclins and CDKs (Pagano and
Jackson 2004; Sherr and Roberts 2004), and may thus
suggest that any cyclin~-CDK complex that can bind p27
can mediate this function. Our data also indicate that
these cyclin-CDK complexes do not need to be enzy-
matically active to promote p27 degradation in GO, pos-
sibly providing a structural scaffold for p27 recognition
by ubiquitin ligases as reported by others (Zhu et al.
2004). Interestingly, cyclin~-CDK binding was dispens-
able for p27 turnover only during the G1 phase, which
may reflect p27 degradation by the cytoplasmic KPC

wrsioap27+_ WT  S10A

thick slices of paraffin-embedded lung tis-
sues from wild-type, p27*/-, and p27510A/S10A
mice were stained using the mouse mono-
clonal p27 antibody (clone 57; BD-Trans-
duction Laboratories). (C) Western blot
analysis of normal lung tissue and indi-
vidual tumors form wild-type, p27*/-, and
p27810A/SI0A myjce. Forty micrograms of
proteins were loaded per well. Membranes
were probed successively with polyclonal
antibodies to phospho-Serl0 p27, p27,
PCNA, phospho-ERK (activated), and with
a monoclonal anti-Grb2 antibody for pro-
tein loading.

p27+-

pathway, recently found to mediate the degradation of
free p27 (Kamura et al. 2004; Kotoshiba et al. 2005).

Ser10 phosphorylation stabilizes p27 in quiescent cells

p27 stability in quiescent cells is also controlled by phos-
phorylation on Ser10. The levels of the p275!°# protein
were reduced in tissues and MEFs, consistent with its
accelerated turnover in GO compared with wild-type
p27. This was in agreement with previously reported
transfection experiments, which showed that p27 phos-
phorylation on Ser10 by the kinase Mirk/Dirk stabilizes
p27 in quiescent cells (Deng et al. 2004), and that muta-
tion of Serl0 to Ala or Glu destabilizes or stabilizes p27,
respectively (Ishida et al. 2000; Rodier et al. 2001). Dur-
ing the course of this work, Kotake et al. (2005) reported
similar findings with regards to p275!°* turnover in a
p278104/810A mguse knock-in model.

A central conclusion of our experiments was that de-
phosphorylation of p27 on Serl0 and assembly of p27
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Figure 10. Unlike wild-type p27, p2

WT K-Ras V12

WT K-Ras V12

S10A

S10A K-Ras V12

S10A K-Ras V12

%,
.

is resistant to activated Ras-induced cytoplasmic translocation. p27-null, wild-type, and

p27519A4 MEFs either expressing K-Ras V12 or not were serum starved for 72 h and stimulated with 10% serum in the presence or
absence of MG132, fixed, and stained with a monoclonal antibody to p27. As in Figure 7, the exposure time was set on the p27~/~ cells
(Ieft column) and kept constant to acquire all the other images, to take into account the nonspecific signal generated by the antibody.

into cyclin-CDK complexes coordinately regulated p27
stability in quiescent cells, participating in a single turn-
over pathway. One hypothesis consistent with our data
was that dephosphorylation of Serl0 promoted the as-
sembly of heterotrimeric p27-cyclin-CDK complexes,
thereby promoting p27 degradation. Indeed, the p2751°4
mutation increased the proportion of p27 that was as-
sembled into cyclin~-CDK complexes. In accord with
this, p275194/519A mice had a normal growth rate and
size, and a partial resistance to urethane-induced tumori-
genesis, despite having overall reduced amounts of p27
protein. Also, the p275'°4/€X" double mutant protein
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was stabilized relative to p275'°4, suggesting that p27-
cyclin-CDK assembly functioned downstream of Ser10
phosphorylation to control p27 stability.

Nevertheless, if Ser10 phosphorylation controls the in-
teraction of p27 with cyclins and CDKs, it probably does
so indirectly. Thus, substitution of Serl0 by the phos-
pho-mimetic amino acid Glu (p275!°F) did not inhibit
the interaction of recombinant p27 with cyclin-CDK
complexes in vitro, even though this same mutation sta-
bilized p27 in vivo. In proliferating cells, Serl0 phos-
phorylation promotes the interaction of p27 with CRM1,
and thereby stimulates its nuclear export (Rodier et al.
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2001; Boehm et al. 2002; Ishida et al. 2002; Connor et al.
2003; McAllister et al. 2003; Shin et al. 2005). Export of
p27 into the cytoplasm could represent one pathway by
which Serl0 phosphorylation indirectly modulates the
interaction of p27 with CDKs. Alternatively, Ser10 phos-
phorylation may control the interaction of p27 with
other proteins in quiescent cells that could modulate its
interactions with cyclin-CDK complexes.

An alternative hypothesis is that Ser10 phosphoryla-
tion directly affects the rate of degradation of p27 within
cyclin-CDK complexes. For example, phosphorylation
of Ser10 could inhibit p27 ubiquitination by interfering
with its recognition by an E3 ubiquitin ligase. Kinetic
modeling showed that both hypotheses—an effect of
Ser10 phosphorylation either on heterotrimer assembly
or degradation of CDK-bound p27—were equally consis-
tent with the observed redistribution of p275!°4 into cy-
clin—-CDK complexes, as well as the relative stabilities,
abundance, and phosphorylation states of p275'94,
p27<%, and wild-type p27 (F. Cross, pers. comm.). Inter-
estingly, these models showed, in some scenarios, that
the free pool of p275!°4 becomes depleted because p27
levels are reduced to the point where cyclin~-CDK com-
plexes are in excess of p27. Thus, the Serl0 kinase sys-
tem may regulate p27 through this critical threshold,
and thereby ensure that p27 levels in quiescent cells re-
main in excess of cyclin-CDK complexes.

Ser10 phosphorylation in the regulation of p27
subcellular localization

Mitogenic signals activate a kinase that phosphorylates
p27 on Serl0, promotes its interaction with CRM1, and
thereby induces its export from the nucleus (Rodier et al.
2001; Bochm et al. 2002; Ishida et al. 2002; Connor et al.
2003; McAllister et al. 2003; Kamura et al. 2004; Shin et
al. 2005). In contrast to previous reports, Kotake et al.
(2005) concluded that the p275'°* mutation did not in-
hibit its export into the cytoplasm of MEFs and lympho-
cytes derived from p275'94/519A mjce. This is in contra-
diction with our findings and may reflect technical dif-
ferences in the way experiments were conducted. When
p27-null cells are used as a negative control for immu-
nofluorescence, only small amounts of p27 could be de-
tected in the cytoplasm of wild-type cells above the
background staining seen in the p27~/~ cells (Besson et al.
2004b). Similar studies with p275'°* MEFs that express
reduced amounts of p27 were insufficient to distinguish
between a defect in nuclear export or an overall decrease
in the amount of p2751°2 to below the detection limit of
the assay. However, when the pool of cytoplasmic p27
was stabilized by the presence of the proteasome inhibi-
tor MG132, it became clear that export of p275!%4 to the
cytoplasm was impaired. In addition, when normal lung
tissue was compared with a neighboring tumor, wild-
type p27 showed a loss of nuclear staining in the tumor
but not in the normal adjacent tissue, whereas nuclear
staining in p275'°4/S19A tumors was maintained. Thus,
p275'%% was a constitutively nuclear protein in cultured
cells and in vivo, and was largely resistant to the nuclear

p27 stability and tumor suppression

export pathway activated by growth factor stimulation
and by Ras activation during tumorigenesis. In accord
with these observations, we noted high levels of Ser10-
phosphorylated p27 in the proliferating cells of lung tu-
mors harvested from wild-type mice. Thus, we find that
the nuclear export of p27 is largely impaired by the S10A
mutation.

Misregulation of p27 in cancer

Cancer cells frequently exhibit reduced amounts of p27,
and this is strongly associated with increased tumor ag-
gressiveness and a poor clinical outcome (Slingerland
and Pagano 2000; Philipp-Staheli et al. 2001; Besson et al.
2004a). Increased rates of degradation and elevated rates
of nuclear export are thought to cause the decreased
nuclear expression of p27 seen in tumor cells, but the
specific degradation and nuclear export pathways that
are affected are not well understood. For example, in-
creased Skp2-mediated degradation is proposed to cause
the lower levels of p27 in tumor cells. However, mice
expressing p2771874 (which cannot be degraded by this
pathway) are not resistant to lung tumorigenesis, and
lung tumors arising in those mice express decreased
amounts of p27 similarly to mice expressing wild-type
p27 (I. Timmerbeul, C.M. Garrett-Engele, U. Kossatz, X.
Chen, E. Firpo, V. Grunwald, K. Kamino, S. Kubicka,
M.P. Manns, J.M. Roberts, et al., in prep.). Cytoplasmic
localization of p27 in tumor cells can be promoted by
Akt-mediated phosphorylation of Thr157 (Liang et al.
2002), but this phosphorylation site is not evolutionarily
conserved, and is absent from murine p27.

p27810A/S10A mjce are partially resistant to urethane-
induced tumorigenesis compared with mice expressing
wild-type p27 protein. Even more dramatic is their resis-
tance to tumorigenesis compared with p27*/~ mice,
which express an amount of p27 protein that closely ap-
proximates that in the p275104/S19A homozygote. In our
tumorigenesis experiment, p27*/~ mice developed more
tumors than p27-null animals. Others also reported an
increased susceptibility to tumorigenesis of p27*/~ mice
compared with p27~/~ in breast and prostate tumor mod-
els, suggesting that the maintenance of reduced amounts
of p27 may, in fact, actively promote tumorigenesis
(Muraoka et al. 2002; Gao et al. 2004). In contrast, de-
spite its reduced stoichiometry, p275!°* was a better tu-
mor suppressor than wild-type p27. The enhanced tumor
suppression by p275!%4 correlates with a higher propor-
tion of p275!%4 associated with cyclin-CDK complexes
than wild-type p27. This may be due to the constitutive
nuclear localization of p275'°4, which increases its avail-
ability to bind to and inhibit cyclin-CDKs. Our data sug-
gest that increased activity of the pathway that phos-
phorylates p27 on Ser10 may be important during tumor
progression, and interfering with this pathway may be a
useful therapeutic strategy. The tumor resistance of the
p275192 mice is the first example of a p27 mutation that
enhances its tumor suppressor function, and thus con-
stitutes the first direct demonstration of a pathway that
is important for misregulation of p27 in cancer.
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Materials and methods

Constructs, antibodies, and reagents

The 4317G9 targeting vector was kindly provided by Richard
Palmitter (University of Washington, Seattle, WA). The
Mox2Cre mice were kindly provided by Philippe Soriano (Fred
Hutchinson Cancer Research Center, Seattle, WA). The poly-
clonal anti-CRM1 antibody was kindly provided by Larry Ger-
race (Scripps Research Institute, La Jolla, CA). pBabe-K-Ras V12
was a gift from Channing Der (University of North Carolina,
Chapel Hill, NC). Reagents were purchased from the following
sources: puromycin and hygromycin (Calbiochem); polyclonal
antibodies to p27 (C19), CDK4 (H303), Cyclin D (H295), phos-
pho-Ser10 p27, and monoclonal antibodies to Cyclin D1 (A12),
CDK2 (D12), Cyclin E (HE111), PCNA, and p27 (E8) (Santa Cruz
Biotechnology); monoclonal antibodies to p27 and Grb2 (BD-
Transduction Laboratories); polyclonal antibodies to phospho-
p42/44 MAPK (Thr202/Tyr204) (Cell Signaling); pQCXIP and
pQCXIH retroviral vectors (BD-Clontech); cycloheximide and
MG132 (Sigma); cyanin-3-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories); Alexa 488-conjugated
secondary antibodies (Molecular Probes); and horseradish per-
oxydase-conjugated secondary antibodies (Amersham).

Generation of the knock-in mice

To generate the p2751%4 and p27°K alleles, a 4700-base-pair (bp)
KpnI-EcoRI genomic fragment containing the two coding exons
of the p27 gene was inserted into a pcDNA3.1 vector. Mutagen-
esis of Serl0 to Ala for the p2751°4 allele, and Arg30 to Ala,
Leu32 to Ala, Phe62 to Ala, and Phe64 to Ala for the p27¢K
allele was performed using a Quick-change site-directed muta-
genesis kit (Stratagene) according to the manufacturer’s instruc-
tions. Correct mutagenesis of the genomic DNA was verified by
direct DNA sequencing. The mutant genomic fragment was
then inserted into the 4317G9 targeting vector on one side of
the SV40-neo cassette (used as a positive selection marker)
flanked by LoxP sites, and a 2800-bp KpnI-Xbal genomic frag-
ment containing the 3'-UTR of the p27 gene was inserted on the
other side of the SV40-neo cassette (Fig. 1A). The coding se-
quences of the mutant p27 alleles were sequenced in the final
targeting vectors. The herpes simplex virus thymidine kinase
(HSV-TK) and diphtheria toxin (DTA) were both used as nega-
tive selection markers. Targeting vectors were electroporated
into AK7.1 ES cells and after positive and negative selections
were applied, and resistant clones were screened by PCR and
Southern blot hybridization using a KpnI-HindIII probe contain-
ing exon 2 (Fig. 1A). Two correctly targeted clones were used
for injection into blastocysts and generation of chimeric mice.
Germline transmission was obtained for both clones, and
the SV40-neo cassette was removed by crossing p27+/51°4 or
p27*/“% mice with Mox2Cre mice (Tallquist and Soriano 2000).
Genotyping was performed by PCR on tail DNA using the fol-
lowing primers: 5'-GCTCCGGTGGGTTAATGAGG-3' and
5'-CCACGGCAGCTCTATTCACAC-3'.

Tissue culture and retroviral infections

Tissue culture conditions, primary and immortalized MEFs
preparation, and retroviral infections were performed as de-
scribed previously (Besson et al. 2004b).

Immunofluorescence, Western blotting, and flow cytometry

Immunofluorescence and Western blots were performed as de-
scribed previously (Besson et al. 2004b), except for the phospho-
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specific antibodies, which were diluted in PBS, 0.1% Tween 20,
and 5% bovine serum albumin. Cell cycle profiles by flow cy-
tometry were performed as described previously (Besson and
Yong 2000).

Protein half-life determination

For half-life determination in exponentially growing cells, cells
were seeded at ~60% confluency in 100-mm plates, grown over-
night, and treated with 25 png/mL cycloheximide for the indi-
cated time. Cells were lysed in 200 pL of 2x sample buffer,
sonicated for 10 sec, and boiled. Equal volumes of each lysate
were resolved on SDS-PAGE. For half-life determination of
other conditions, cells were seeded as above, grown overnight,
and serum starved in 0.1% FCS DMEM for 72 h. For half-lives
in serum-starved cells, cycloheximide was then added. For G1-
phase half-lives, serum-starved cells were trypsinized and re-
plated for 4 h in 10% FCS DMEM prior to cycloheximide treat-
ment. For S-phase half-lives, serum-starved cells were replated
in 10% FCS DMEM for 15 h prior to cycloheximide treatment.

Coimmunoprecipitations

Primary MEFs were lysed in IP buffer (50 mM HEPES at pH 7.5,
150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol,
0.1% Tween 20; complemented with 1 mM dithiothreitol, 10
mM B-glycerophosphate, 10 mM NaF, 1 mM sodium orthovana-
date, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10 pg/mL pep-
statin-A, and 1 mM phenylmethylsulfonylfluoride). Lysates
were syringed several times with a 26'/2-gauge needle. Cellular
debris were eliminated by centrifugation for 5 min at 14,000
rpm. Protein concentration was determined using the Bio-Rad
protein assay. For each immunoprecipate, 4 pg of the indicated
antibody, 500 ng of lysate, 16 uL of protein A sepharose beads
(Amersham), and 500 uL of IP buffer were incubated for 3 h at
4°C. Immunoprecipitates were rinsed three times in IP buffer,
and 10 pL of 4x sample buffer were added to the bead pellet. The
immunoprecipitates were subjected to Western blotting as de-
scribed previously (Besson et al. 2004b).

In vitro binding and kinase assays

Cyclin E-CDK2 complexes were produced in SF21 cells, and an
equal amount of lysate was used in each assay. For the binding
assays, 2.5 or 5 ng of recombinant p27 were mixed with 5 pL of
cyclin E-CDK2-containing lysate in IP buffer. Cyclin E was
then immunoprecipitated with a polyclonal antibody, and the
amount of p27 associated with cyclin E was determined by
Western blotting. Kinase assays were performed as described
previously (Besson and Yong 2000), with a preincubation of the
indicated amount of recombinant p27 with a fixed volume of
lysate containing the kinase complexes for 15 min at 4°C, and
the kinase reactions were incubated for 15 min at 30°C.

Urethane tumor study

p27*/~ mice in the 12954 background were bred to generate the
p27+/*, p27+/-, and p27~/~ mice used in the study. Mixed 12954/
C57BLG6 p27+/519A mice backcrossed twice into 12954 were bred
to generate the p27+/*, p27+/310A and p27510A/S104 gnimals. A
single intraperitoneal injection of urethane (1 g/kg) in pups be-
tween 21 and 28 d old was used as a carcinogenic insult. Mice
were sacrificed after 20 wk, dissected, and examined for gross
lesions of internal organs. Lungs were dissected and photo-
graphed with a Nikon Coolpix 5700 digital camera, and lung
tumors were counted and their size measured. Lungs were fixed
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overnight in formalin, embedded in paraffin, and sectioned for
histochemistry (5 pm thickness).

Immunohistochemistry

Lung tissue from wild-type, p27~/-, p27+/, and p27510A/S10A

mice was fixed in 4% paraformaldehyde in PBS, processed as
paraffin sections, and deparaffinized. p27 immunostaining was
performed according to the methods provided in the Immuno-
Cruz Staining System Kit (Santa Cruz Biotechnology). Briefly,
hydrated tissue sections were steamed for 30 min in 0.1% cit-
rate acid and blocked in serum for 20 min at room temperature.
Samples were subsequently incubated with anti-p27 antibody
(Ra p27 C19, 1:100 dilution) for 1 h and biotinylated secondary
antibody for 30 min, and visualized using the chromogen 3'3'-
diaminobenzidine (DAB).
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