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p130 is a tumor suppressor of the pocket protein family whose expression is posttranscriptionally regulated
and largely GO restricted. The mechanism of down-regulation of p130 expression in proliferating cells was
investigated. Our results indicate that the decline of p130 expression as GO cells reenter the cell cycle is due
to a decrease in protein stability. The enhancement of p130 turnover in late G1 and S phase compared with
GO and early G1 phase was dependent on Cdk4/6-specific phosphorylation of p130 on Serine 672, and
independent of Cdk2 activity. The activity of the ubiquitin ligase complex Skp1-Cull/Cdc53-F-box protein
Skp2 (SCF**P2) and the proteasome were necessary for p130 degradation. In vitro, recombinant Skp2 was able
to bind hyperphosphorylated but not dephosphorylated p130. Furthermore, in vitro polyubiquitination of p130
by SCFS*P2 was specifically dependent on phosphorylation of p130 on Serine 672. Thus, like the Cdk inhibitor
p27%iP1 130 turnover is regulated by Cdk-dependent G1 phosphorylation leading to ubiquitin-dependent

proteolysis.
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p130 and its cognates, pRb and pl07, constitute the
“pocket protein” family. These proteins are key negative
regulators of cell cycle progression and modulators of
cellular differentiation processes in mammals. Although
structurally related, their expression and biological ac-
tivity are differentially regulated during the cell cycle,
and their relevance to cell proliferation/differentiation
tasks is also dependent on cell type and development
stage (Garriga et al. 1998; Stiegler et al. 1998b; Lipinski
and Jacks 1999). pRbD serves as a critical regulator of the
G1/S transition, because the functional inactivation of
pRD is essential in most cell types for the progression
beyond the G1/S boundary. The role of p107, which nor-
mally accumulates at the G1/S boundary, is not well
understood. p130 appears to be involved in the mainte-
nance of the GO state, although it can also have a pri-
mary role in the control of G1/ S transition, depending
on cell type (Grana et al. 1998; Hoshikawa et al. 1998;
Mulligan and Jacks 1998; Stiegler and Giordano 1999).
The antiproliferative function common to the three
pocket proteins is transcription factor E2F (E2F)-depen-
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dent inhibition of transcription through the formation of
suppressor complexes with E2F factors and histone
deacetylase (HDAC) enzymes and/or switch/sucrose-
nonfermenting chromatin remodeling (SWI/SNF) com-
plexes (Trouche et al. 1997; Ferreira et al. 1998; Stiegler
et al. 1998a; Takahashi et al. 2000; O’Connor et al. 2001;
Singh et al. 2001; Rayman et al. 2002). Furthermore,
p130 and pl07 share the ability to bind to and directly
inhibit the activity of Cdk2/cyclin E and A complexes
(De Luca et al. 1997; Lacy and White 1997; Woo et al.
1997; Castano et al. 1998). Consistent with this func-
tion, cyclin E/Cdk2 activity is efficiently inhibited by
p130 in serum-starved p275%1_/- p21<PI_/- double
knockout mouse ebryonal fibroblasts (MEFs; Coats et al.
1999).

Even though the ability to negatively control cell cycle
progression is a common feature of all three members of
the pocket protein family, only Rb meets all the require-
ments to be a bona fide tumor suppressor. Homozygous
Rb mutations are very frequently found in tumors and
reintroduction of a wild-type RB gene into RB-deficient
tumor-derived cell lines often reverts the malignant phe-
notype. Most significantly, heterozygous RB null muta-
tions in mice predispose to cancer (Weinberg 1995; Paggi
et al. 1996; Mulligan and Jacks 1998). Targeted disrup-
tion of the gene for p130 or its cognate p107, on the other
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hand, gives rise to no evident phenotype. Yet it is clear
that p130 has a role in cell cycle control in the context of
development because mice of the mixed genotypes
p130-/- p107-/- and p130-/- RB+/- exhibit severe de-
velopmental defects (Classon and Dyson 2001). In addi-
tion, the p130-/- genotype by itself confers developmen-
tal defects in the Balb/c background, which is mutated at
the INK4a (p16) locus (LeCouter et al. 1998; Zhang et al.
1998). Although p130 disruption does not cause predis-
position to cancer in mice, p130 is found to be mutated
in some human cancers; furthermore, p130 levels in-
versely correlate with tumor grade (Baldi et al. 1996,
1997; Susini et al. 1998; Massaro-Giordano et al. 1999;
Tanaka et al. 1999). Thus, whereas p130 functions ap-
pear to be limited to control of cell proliferation in the
context of development and differentiation in the
mouse, pl30 has an additional, although not well-
defined, role in suppression of cancer in humans (Yee et
al. 1998; Classon and Dyson 2001; Paggi and Giordano
2001).

The expression of pl07 and, to a lesser extent, pRb is
transcriptionally regulated via E2F sites, consistent with
their levels peaking at the G1/S boundary (Nevins 1998).
pRb is also expressed at high levels in some terminally
differentiated GO cell types, by an E2F-independent tran-
scriptional mechanism (Martelli et al. 1994). On the
other hand, accumulation of p130 is posttranscription-
ally regulated and largely restricted to GO. Although nei-
ther the p130 mRNA level nor its promoter activity fluc-
tuate as a function of proliferation or cell cycle progres-
sion, pl30 protein is abundant in GO and early G1 and
then progressively disappears as cells progress through
the cell cycle (Richon et al. 1997; Grana et al. 1998; Nev-
ins 1998; Smith et al. 1998; Fajas et al. 2000).

Exit from GO and progression through G1 into S phase
requires both the activity of Cdks and E2F-dependent
transcription, both of which are regulated by pocket pro-
teins (Grana and Reddy 1995; Helin 1998). The control of
Cdk activity is carried out at multiple levels, one of
which is binding to kinase inhibitors such as p130 (Mor-
gan 1995; Arellano and Moreno 1997; Obaya and Sedivy
2002). E2F-dependent transcription is controlled by the
modulation of the relative amounts of free and pocket
protein-bound E2F factors, leading to either transcrip-
tional activation or repression (Dyson 1998; Black and
Azizkhan-Clifford 1999). Furthermore, the expression of
E2F1-2-3 is transcriptionally repressed specifically by
E2F4/p130 repressor complexes, which are the most
abundant E2F species in GO (Furukawa et al. 1999; Ta-
kahashi et al. 2000). The disappearance of such com-
plexes occurs after the transition from GO to GI in cells
reentering the cell cycle, following Cdk-dependent hy-
perphosphorylation of p130 and dissociation of the com-
plexes (Smith et al. 1996). The activities of Cdk4/6 and
Cdk2 appear to be redundant in this context (Cheng et al.
2000; Hansen et al. 2001). On the other hand, p130 bind-
ing to and inhibition of Cdk2 is not controlled by phos-
phorylation, but only by the relative abundance of p130,
which progressively decreases as GO cells reenter the cell
cycle and approach S phase (Grana et al. 1998; Smith et
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al. 1998; Hansen et al. 2001). Therefore, the mechanism
underlying p130 down-regulation is particularly relevant
for p130 functions involving negative regulation of Cdk2
kinase activity.

Previous studies have suggested that posttranscrip-
tional regulation of p130 levels is at the level of protea-
some-mediated protein turnover (Smith et al. 1996; Stub-
dal et al. 1996; Prince et al. 2002). Indeed, ubiquitin-
dependent proteolysis by the proteasome is a common
regulatory motif for a growing number of proteins in-
volved in cell cycle control. Depending on either the
substrate or the specific protein-ubiquitin ligase (or E3
enzyme) used, the signals triggering the polyubiquitina-
tion cascade can rely on different events such as (1) co-
valent or conformational modification of the target pro-
tein, (2) changes in its association with other proteins, or
(3) direct activation of the relevant protein—ubiquitin li-
gase (Hershko and Ciechanover 1998; Peters 1998; Laney
and Hochstrasser 1999; DeSalle and Pagano 2001; Yew
2001). A class of E3 enzymes, known as Skpl-Cull/
Cdc53-F-box protein (SCF) complexes, recognizes and
polyubiquitinates substrates phosphorylated at specific
sites. Rocl, Cull, and Skpl are the invariant core com-
ponents of SCF complexes, and one of several F-box pro-
teins is responsible for substrate recognition and speci-
ficity (Deshaies 1999; Krek 1998; Jackson et al. 2000).
Specific SCF complexes polyubiquitinate phosphory-
lated IKBa, p27%'P! and cyclin E, respectively, and target
them to proteasome-mediated degradation (Clurman et
al. 1996, Won and Reed 1996; Diehl et al. 1997; Vlach et
al. 1997; Montagnoli et al. 1999; Winston et al. 1999;
Koepp et al. 2001; Strohmaier et al. 2001). Correlation
between p130 phosphorylation and down-regulation sug-
gested that p130 might also be a target of SCF and sub-
sequent proteasome-mediated degradation. In the pre-
sent study, we show that this is indeed the case, with
SCFS¥P2 heing the relevant protein-ubiquitin ligase. We
show that recognition by SCF**2 is possible only after
p130 is specifically phosphorylated at Ser 672 by Cdk4
and/or Cdké6. Cdk4 is already known to have a role in
activation of Cdk2 by sequestration of the Cdk inhibitor
p27 (Sherr and Roberts 1995, 1999; Cheng et al. 1998).
Now we reveal an additional mechanism whereby
Cdk4/6 activates Cdk2, triggering the degradation of the
Cdk2 inhibitor p130.

Results

p130 is regulated through the cell cycle at the level
of turnover

p130 levels are regulated in response to the proliferative
state of cells. Serum-starved GO human diploid fibro-
blasts contain high levels of p130 in a hypophosphory-
lated state (Fig. 1A). Subsequent to cell cycle entry in
response to serum stimulation, mid-G1 cells exhibit an
increase in p130 phosphorylation, which correlates with
a decline in p130 steady state levels (Mayol et al. 1995;
Grana et al. 1998; Fig. 1A.). Because p130 mRNA levels
do not fluctuate through the cell cycle (Richon et al.
1997, Smith et al. 1998), we sought to determine
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Figure 1. pl30 expression and stability in human fibroblasts after release from GO block. (A) GO-arrested human fibroblasts were
released into the cell cycle and samples were harvested for Western blot analysis at the indicated time points after release. For each
sample, the percentage of cells in the GO/G1, S, and G2 phases of the cell cycle was calculated by FACS analysis. The last sample on
the right is from cells synchronized in early S phase by thymidine block. (B) GO-arrested human fibroblasts were released into the cell
cycle and samples were harvested for Western blot analysis at the indicated time points after release. Samples treated with cyclo-
hexemide (CHX) received the drug at the time at which the corresponding untreated samples were harvested, and were then harvested

2 h later.

whether p130 protein levels are regulated at the level of
proteolysis. We first determined the stability of p130 at
different time points after release from GO. Serum-
starved human fibroblasts were released into the cell
cycle by addition of serum, and duplicate samples were
harvested at different time points after the release, rang-
ing from early Gl to S/G2. For each time point, one
sample was harvested immediately, and the other was
cultured in the presence of a protein synthesis inhibitor,
cyclohexemide, for two additional hours prior to harvest
(Fig. 1B). Hyperphosphorylated p130 present from late
G1 on was substantially less stable than the hypophos-
phorylated p130 associated with early G1. Although the
related protein pRb was phosphorylated with similar cell
cycle kinetics, no change in stability was observed (Fig.
1B). Thus, p130 levels are indeed regulated through con-
trolled proteolysis, possibly in a phosphorylation-depen-
dent manner.

p130 turnover is regulated by phoshorylation

To establish a causal relationship between p130 hyper-
phosphorylation and its degradation, we investigated the
effect of the protein kinase inhibitor flavopiridol. Flavo-
piridol targets Cdk2, Cdk4, and Cdké, all of which can
phosphorylate p130 (Hansen et al. 2001; D. Tedesco and
S.I. Reed, unpubl.). To exclude cell cycle effects of the
Cdk inhibitor, we first arrested cells in early S phase by
treatment with thymidine, prior to treatment with the
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inhibitor. A similar approach was used with all subse-
quent manipulations that might affect the cell cycle dis-
tribution of cells under analysis. After the first 4 h of
incubation with flavopiridol, cells were treated with cy-
clohexemide for various lengths of time before harvest-
ing, and p130 stability was determined. Cdk inhibition
by flavopiridol abolished both the hyperphosphorylation
and the degradation of p130, as shown in Figure 2A. This
confirms that p130 phosphorylation is potentially a sig-
nal for its degradation. Similar experiments were then
carried out with the Cdk1/Cdk2-specific inhibitor rosco-
vitine. Even though roscovitine can potentially affect
Cdk4/6 activity indirectly, by inhibiting MAP kinases if
administered in early G1, no effect on Cdk4/6 activity
was detectable in thymidine-arrested cells, as judged by
pocket proteins phosphorylation state (data not shown).
After roscovitine treatment, p130 remained hyperphos-
phorylated and unstable, indicating that neither phos-
phorylation nor turnover depend on Cdk2 activity (Fig.
2B; Cdkl is not active in S-phase cells). Furthermore,
inhibition of Cdk4 and Cdké by adenovirus-mediated
overexpression of the Cdk4/6 inhibitor pl16™%* in
S-phase (thymidine)-arrested cells led to hypophosphory-
lation and accumulation of p130 similarly to p27, which
when greatly overexpressed inhibits Cdk4/6 as well as
Cdk2 (Fig. 2C). Thus, the response of p130 levels and
stability to general and specific Cdk inhibitors suggests
that Cdk4 and/or Cdké6, but not Cdk2 activity, is re-
quired for pl130 degradation, possibly through site-spe-
cific phosphorylation.
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Figure 2. Effects of kinase inhibitors on p130 stability. Thy-
midine-arrested human fibroblasts were treated with either Fla-
vopiridol (A) or Roscovitine (B). Protein-synthesis inhibitor cy-
clohexemide (CHX) was added after the first 4 h of treatment,
and cells were harvested for Western blot analysis after the in-
dicated time. DMSO, dimethyl sulfoxide. (C) Thymidine-ar-
rested human fibroblasts were infected with the indicated re-
combinant adenoviruses, maintained under thymidine arrest,
and harvested 18 h later for Western blot analysis.

p130 turnover depends on proteasome function

We next determined whether proteasomal function is
required for p130 proteolysis. In an experiment analo-
gous to those just described for Cdk inhibitors, S-phase-
arrested human fibroblasts were pretreated with the pro-
teasome-specific inhibitor MG-132, followed by treat-
ment with cyclohexemide to measure the stability of
p130 (Fig. 3A). Proteasome inhibition resulted in dra-
matic stabilization of p130, but also in an inhibition of
p130 hyperphosphorylation. The latter phenomenon was
likely attributable to the induced accumulation of the
Cdk inhibitors p21 and p27 (data not shown), both sub-
strates of the proteasome (Pagano et al. 1995; Sheaff et
al. 2000). Therefore, it was not possible to determine
whether p130 stabilization was a direct effect of protea-
some inhibition or an indirect effect of inhibition of p130
phosphorylation. However, in a similar experiment in
which both MG-132 and cyclohexemide were adminis-
tered simultaneously so that kinase inhibitors could not

Skp2-dependent degradation of p130

accumulate, it was found that proteasome inhibition sta-
bilized p130 without an effect on p130 phosphorylation
(Fig. 3B).

SCFS%P2 js required for the phosphorylation-dependent
degradation of p130

The cell cycle-dependent expression profile of p130
closely resembles that of the Cdk inhibitor p27, and the
levels of both proteins are controlled through phosphory-
lation-triggered proteasome-mediated degradation. We
investigated whether hyperphosphorylated p130 might
be targeted to the proteasome by the SCFSP? protein—
ubiquitin ligase, which is responsible for the polyubiq-
uitination and subsequent degradation of p27 (Carrano et
al. 1999). To this end, we compared the regulation of
pl30 in SKP2+/- and SKP2-/- mouse fibroblasts (Na-
kayama et al. 2000). In SKP2+/- and SKP2-/- fibroblasts
arrested in GO, p130 was present at comparably high lev-
els. In contrast, pl30 levels in thymidine-arrested
SKP2-/- cells were much higher than in corresponding
SKP2+/- cells (Fig. 4A,B). To confirm that both SKP2-/-
and SKP2+/- cells had exited GO, traversed G1, and simi-
larly arrested in S phase, parallel immunoblots were per-
formed for cyclin A, a marker for entry into S phase. As
can be seen, cyclin A signals were comparable for both
SKP2-/- and SKP2+/- fibroblasts (Fig. 4A,B). In Figure
4A, there is an apparent decrease in p130 levels as cells
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Figure 3. Effect of proteasome inhibition on p130 stability. (A)
Thymidine-arrested human fibroblasts were treated with pro-
teasome inhibitor MG-132. Protein-synthesis inhibitor cyclo-
hexemide (CHX) was added after the first 4 h of treatment, and
cells were harvested for Western blot analysis after the indi-
cated time. DMSO, dimethyl sulfoxide. (B) Thymidine-arrested
human fibroblasts were treated either with CHX alone, or with
CHX and MG-132, and cells were harvested for Western blot
analysis after the indicated time.

GENES & DEVELOPMENT 2949



Tedesco et al.

! L PR |

G Thym. Thym lhym

E__-Jl-k

Skp2

5 ==

cyelin A

!
pl30 level

Skp2: SO @ oame g
Skp2(AFbmx): - -

= - -t
ap130 =
sz 2 = ) 5

MEFs p27561 . fy  MEFs p2Tmosh [

D 7
=

&

2

-

-

asyn. T!lym Thym.
endogenous Chsl ; + -
FLAG- Chsl :
aFLAG | '|

Figure 4. Effects of Skp2 and Cksl on pl30 expression. (A)
GO-arrested and thymidine-arrested SKP2+/- and SKP2-/- pri-
mary MEFs were analyzed for p130, p27, and cyclin A levels by
Western blot. Gel loading was normalized to protein concentra-
tion. Signals were quantitated by ImageQuant. (B) p130 and cy-
clin A levels were analyzed as in A, except that all loading was
normalized to cell number. (C) Thymidine-arrested p27+/+ and
p27-/- MEFs were infected with either empty, Skp2-expressing,
or Skp2(AFbox)-expressing recombinant adenoviruses, main-
tained under thymidine arrest, and harvested 18 h after infec-
tion for Western blot analysis. (D) GO-arrested, asynchronous,
and thymidine-arrested CKS1+/+ and CKS1-/- MEFs were ana-
lyzed for p130 expression by Western blot. Thymidine-arrested
CKS1-/- MEFs were also infected with either empty or FLAG-
tagged Cksl-expressing recombinant adenoviruses, maintained
under thymidine arrest, and analyzed 18 h after infection. Load-
ing was normalized to protein concentration.

progress from GO to S phase, suggesting that Skp2-inde-
pendent mechanisms may also regulate pl130 levels.
However, a similar reduction was observed for p27, for
which turnover is thought to be largely Skp2-dependent
(Malek et al. 2001). Because loading of gels in Figure 4A
was normalized to protein concentration, we hypoth-
esized that the lower protein content of GO cells com-
pared with cycling cells might account for the apparent
relative reduction in pl30 levels in S-phase-arrested
cells. Therefore another gel was run, in which loading
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was normalized to cell number (Fig. 4B). Using these
assay conditions, it is clear that the amount of p130 per
cell decreases minimally as SKP2-/- fibroblasts progress
from GO to S phase. Furthermore, in S-phase-arrested
wild-type (wt) fibroblasts, adenovirus-mediated overex-
pression of wt Skp2 resulted in down-regulation of p130,
whereas overexpression of dominant-negative, F-box-de-
leted Skp2 led to the accumulation of p130 in a hyper-
phosphorylated state (Fig. 4C). Similar results were ob-
tained using p27%P!-/- fibroblasts, thus ruling out the
possibility that the effects of Skp2 expression on pl130
levels might be mediated indirectly via changes in the
level of p27%P!, leading to changes in p130 phosphory-
lation (Fig. 4C).

Cks1 is required for SCFS*P2-mediated degradation
of p130

Cksl is en essential cofactor for Skp2-dependent degra-
dation of phosphorylated p27 (Ganoth et al. 2001; Spruck
et al. 2001), and thus might be required for ubiquitina-
tion of other SCF"? substrates. In wt and CKS1-/- fi-
broblasts arrested in GO, p130 was present at comparably
high levels (Fig. 4D). However, as with SKP2-/- fibro-
blasts, p130 levels in asynchronous and thymidine-ar-
rested CKS1-/- cells were much higher than in corre-
sponding wt cells, consistent with a role for Cksl in
p130 degradation. Transduction of CKS1-/- fibroblasts
with a Cks1-expressing recombinant adenovirus restored
pl30 to wt levels, confirming that the defect in p130
regulation is due specifically to loss of Cksl function
(Fig. 4D; data not shown).

Skp2 binds to and targets phosphorylated but not
unphosphorylated p130

Because pl30 degradation was shown to be phosphory-
lation-dependent, in vitro binding assays were carried
out to determine whether Skp2 could bind hyperphos-
phorylated, but not dephosphorylated p130, as is the case
for other SCF substrates such as p27¥! (Carrano et al.
1999). Thymidine-arrested CKS1-/- fibroblasts were ex-
ploited as a source of native hyperphosphorylated p130
(see Fig. 4D). Anti-p130 immunoprecipitates were then
challenged with purified recombinant glutathione-S
transferase (GST)-Skp2/Skpl/Cksl complexes. Figures
5A and 5B show that Skp2 bound untreated, but not pro-
tein phosphatase-treated, p130 immunoprecipitates. Re-
combinant adenoviruses were then used to show that the
effect of Skp2 on p130 turnover was phosphorylation de-
pendent. U20S cells were chosen for these experiments
because Skp2 activity was found to be limiting and p130,
therefore, intrinsically stable in these cells (data not
shown). Adenoviral transduction of wt Skp2 dramati-
cally down-regulated endogenous p130, whereas neither
the F-box-deleted Skp2 nor the Cdk4/6 inhibitor pl6
caused accumulation of the already stable p130 (Fig. 6A).
However, when Skp2 was expressed in conjunction with
pl6, the down-regulation of p130 was substantially re-
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Figure 5. In vitro Skp2 binding to hyperphosphorylated p130.
(A) Nonimmune, anti-p130, and anti-p27%*! immunoprecipi-
tates were immobilized on beads from thymidine-arrested
CKS1-/- MEFs, and probed for binding to soluble GST-Skp2/
Skp1/Cksl complexes. After binding, beads were extensively
washed and retained proteins were analyzed by Western blot. IP,
immunoprecipitating antibody; NI, nonimmune serum. (B)
Nonimmune and anti-p130 immunoprecipitates prepared as in
A were either treated or not treated with \ protein phosphatase,
and then assayed for binding, as in A.

duced (Fig. 6A), indicating that in vivo, p130 requires
phosphorylation by Cdk4/6 in order to be targeted by
Skp2.

Phosphorylation of Ser 672 is essential for Skp2
binding and p130 degradation

In order to confirm that the Skp2-induced degradation of
p130 depends on site-specific phosphorylation of p130,
p130 phosphorylation site mutants were analyzed for
their susceptibility to Skp2 overexpression. Because
p130 degradation is blocked by the inhibition of Cdk4/6,
but not of Cdk2, at least one of the relevant phosphory-
lation sites in p130 has to be Cdk4/6 specific. By means
of retroviral transduction, we obtained U20S-derived
populations expressing either hemagglutinin epitope
(HA)-tagged p130 wt, HA-tagged p130 lacking the three
previously identified specific Cdk4/6 phosphorylation
sites (p130ACdk4; Hansen et al. 2001), or HA-tagged
p130 lacking all Cdk phosphorylation sites (p130PM19A;
Hansen et al. 2001). The effect of Skp2 activity was
tested by adenoviral transduction of Skp2 in thymidine-
arrested cultures. The Western blot in Figure 6B shows
that mutation of the three Cdk4/6-specific phosphoryla-
tion sites sufficed to render p130 insensitive to Skp2
overexpression. To further refine the phosphorylation re-
quirements for p130 degradation, we constructed single-
residue mutants corresponding to individual Cdk4/6-
specific phosphorylation sites and analyzed as described
earlier. Of the three sites (T401, S672, and S1035), only
the C-terminal two were considered in this analysis, be-
cause the N-terminal site is not conserved. It was found
that a single substitution, S672A, rendered p130 as re-
fractory to Skp2 activity as the triple mutant, whereas
S1035A had no effect (data not shown), indicating that

Skp2-dependent degradation of p130

phosphorylation of Ser 672 is specifically required for
p130 degradation (Fig. 6B). To ensure that the differences
observed in steady-state level unambiguously reflect
changes in turnover rate, we measured the p130 turnover
directly by pulse-chase analysis. U20S cells expressing
either HA-wt-p130 or HA-S672A-p130 were transduced
with either Skp2 or control adenoviruses, and the decay
of the HA-tagged proteins was analyzed. As illustrated in
Figure 6C, the results of two independent pulse-chase
experiments confirmed that Skp2 overexpression in-
duced a significant shortening of the p130 half-life that
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Figure 6. Phosphorylation requirements for Skp2 binding and
destabilization of p130. (A) Thymidine-arrested U20S cells
were infected with either empty, Skp2-expressing, Skp2(AFbox)-
expressing, or pl6™¥4.expressing recombinant adenoviruses,
maintained under thymidine arrest, and harvested 18 h after
infection for Western blot analysis. (B) Thymidine-arrested
U20S cells expressing the indicated HA-tagged recombinant
alleles of p130 were infected with either empty or Skp2-express-
ing recombinant adenoviruses, maintained under thymidine ar-
rest, and harvested 18 h after infection for Western blot analysis.
(C) Pulse-chase analysis of p130 decay in thymidine-arrested
U20S cells expressing either B-galactosidase, HA-tagged wt
p130, or HA-tagged S672A pl30 after infection with either
empty or Skp2-expressing recombinant adenoviruses.
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depended on the ability of p130 to be phosphorylated on
Ser 672.

p130 is a target of ubiquitination by SCF%P?

In vitro assays were performed to determine whether the
effect of Skp2 on the stability of p130 is mediated by
polyubiquitination. Soluble FLAG-tagged SCF**? com-
plexes were immunoaffinity purified from transfected
293T cells, and assayed for the ability to attach poly-
ubiquitin chains to p130 molecules. Native endogenous
p130 was purified from CKS1-/- fibroblasts, and HA-
tagged wt and S672A p130 were prepared from retrovi-
rally transduced U20S cells. In vitro ubiquitination re-
actions were performed as previously described (Spruck
et al. 2001; Strohmaier et al. 2001}, and the reaction prod-
ucts analyzed by SDS-PAGE and Western blot. As illus-
trated in Figure 7A, SCFS*2 complexes were capable of
polyubiquitinating wt p130 but not pl30 S672A, con-
firming that p130 phosphorylated on Ser 672 is a direct
ubiquitination target of SCF*2. On the other hand, SCF
complexes containing a different F-box protein, hCdc4,
were incapable of ubiquitinating p130, although they
were capable of ubiquitinating cyclin E (Fig. 7B). To
eliminate the possibility that p130 was being monoubiq-
uitinated at multiple sites rather than polyubiquitinated,
reactions were performed using methylated ubiquitin
rather than ubiquitin. Methylated ubiquitin can form
monoubiquitin conjugates but not polyubiquitin conju-
gates. In vitro reactions using methylated ubiquitin pro-
duced a distinct monoubiquitinated p130 band, but no
more slowly migrating species were observed (Fig. 7C).

Therefore, the slowly migrating species observed in Fig-
ure 7A must correspond to polyubiquitin conjugates of
p130.

Discussion

Both cell cycle inhibitory functions of p130 are
antagonized by phosphorylation-dependent
mechanisms

The ability of p130 to confer a sustained G1 block when
ectopically expressed has been ascribed to both phos-
phorylation-sensitive and phosphorylation-insensitive
functions (Hansen et al. 2001). Here we show that, ulti-
mately, all cell cycle inhibitory functions of p130 are
phosphorylation-sensitive in that the steady-state level
of p130 itself is regulated by phosphorylation-dependent
proteolysis.

Our initial observation of a strong correlation between
p130 hyperphosphorylation and instability prompted us
to investigate the possibility of a causal relationship be-
tween the two phenomena. Using the kinase inhibitors
flavopiridol and roscovitine, both active against Cdk2,
but only the former active against Cdk4/6, we could
show that Cdk2 activity was not necessary for triggering
pl30 degradation, whereas Cdk4/6 was. Additional ex-
periments using adenovirus-mediated overexpression of
the Cdk4/6 specific inhibitor p16 confirmed the require-
ment for Cdk4/6 in the regulation of p130 degradation. A
caveat concerning the use of pl6 as a Cdk4/6 specific
inhibitor is the ability of INK4 family inhibitors to dis-
place p27 from Cdk4/6 to Cdk2, thereby leading to inhi-

MEFs CKS81-/- U208
A HA.wt HA-S672A
SCPsw2; -+ 4 + o4
Ubiguitin : + o+ - + +
Figure 7. In vitro ubiquitination of pl30 by ¥ IP: m 2-p130
SCFS%*2_(A) Anti-p130 immunoprecipitates were waleen;: 2-p
immobilized on beads from thymidine-arrested
CKS1-/- MEFs, or thymidine-arrested U20S Ubiquitinated
cells expressing either wt or S672A HA-tagged p130 molecules

p130. Ubiquitination reactions by soluble im-
munopurified SCFFLAG-SkP2 were performed, and
polyubiquitination of the immobilized immuno-
precipitates was assayed by Western blot analy-
sis. (B) Anti-cyclin E and anti-p130 immunopre-

T T
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were performed, and polyubiquitination of the
immobilized immunoprecipitates was assayed
by Western blot analysis. (C) Anti-p130 immu-
noprecipitates were immobilized on beads from

thymidine-arrested U20S cells. Ubiquitination Ubiquitinated

reactions by soluble immunopurified SCFF-AG-Skp2 molecules
were performed in the presence of either native

ubiquitin (Ub) or methylated ubiquitin (mUDb),

and mono/polyubiquitination of the immobi-

lized immunoprecipitates was assayed by West- input

ern blot analysis.
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bition of both Cdk4/6 and Cdk2 (Sherr and Roberts 1995;
Cheng et al. 1998). However, an indirect inhibitory effect
of pl6 on Cdk?2 activity requires a large pool of p27 to be
released from Cdk4/6 containing complexes, which is
the case in early or mid-G1 cells but not in thymidine-
arrested S-phase cells used in our study. Thus, as cells
emerge from GO and enter the cell cycle with concomi-
tant accumulation of D-type cyclins and formation of
active cyclin D/Cdk4/6 complexes, pl30 is simulta-
neously dissociated from E2F4 relieving transcriptional
repression of E2F-dependent genes and targeted for pro-
teasome-mediated degradation, relieving inhibition of
cyclin E/Cdk2 complexes. In this manner, p130 serves as
a link between positive proliferative signals shown to
promote accumulation of D-type cyclins and the core
cell cycle machinery driven by cyclin E/Cdk2 and E2F-
dependent transcription.

The relationship between p130 and p27

The observation that Cdk4/6 activity is the functional
trigger for p130 degradation and, as a consequence, the
release of Cdk2 inhibition, suggests a parallelism be-
tween pl30 and p27 in the regulation of Cdk2 activity.
Both are Cdk2 inhibitors targeted for ubiquitin-depen-
dent proteasome-mediated degradation at the G1/S
boundary by Cdk-dependent phosphorylation. However,
there are also key differences. First, p27 down-regulation
in cells emerging from GO begins early in G1 prior to p27
phosphorylation. At least in some cell types, this is
likely to occur through a cytoplasmic mechanism that is
dependent on polyubiquitination and proteasome-medi-
ated degradation but independent of Skp2 (Hara et al.
2001). Second, Cdk2 inhibition by p27 is relieved not
only by degradation, but also by the equilibration of p27
away from Cdk2 to cyclin D/Cdk4/6 complexes as these
accumulate (Sherr and Roberts 1999). In cells exiting
from GO, it is therefore conceivable that the release from
p27-mediated inhibition of Cdk2 is achieved more rap-
idly than p130-mediated inhibition, because p27 degra-
dation begins in early G1 and only the physical accumu-
lation of cyclin D/Cdk4/6 complexes is needed to titrate
p27 away from Cdk2. On the contrary, p130 is stable in
early G1 and cannot be sequestered by Cdk4/6, and it is
only through phosphorylation by Cdk4/6 and subse-
quent degradation of pl30 that Cdk2 is released from
inhibition. Although it is likely that the increase of p130
turnover following hyperphosphorylation is a rapid
event, phosphorylation of the bulk of p130 that has ac-
cumulated in GO cells appears to be rate limiting and is
not complete until cells are in late G1 (Mayol et al. 1995;
D. Tedesco and S.I. Reed, unpubl.). Furthermore, because
the half-life of hyperphosphorylated p130 is not dramati-
cally short (at least 1 h), p130 expression does not drop to
minimal levels until cells are at the G1/S boundary. In
light of these observations and considerations, the roles
of p27 and p130 in regulation of Cdk2 activity, although
overlapping, are probably not completely redundant. We
suggest a sequential inhibition, first primarily by p27,
and then when p27 pools have been reequilibrated to

Skp2-dependent degradation of p130

Cdk4/6 complexes, by pl30. The resistance of pl130 to
rapid inactivation by titration would promote the accu-
mulation of inactive cyclin E/Cdk2/p130 complexes un-
til a threshold level of cyclin D/Cdk4/6 activity triggers
p130 degradation and concomitant rapid activation of
Cdk2. However, the ability of Skp2 to target both cell
cycle inhibitors may explain its potency, when overex-
pressed, in driving quiescent cells into S phase (Sutter-
luty et al. 1999).

p27 and p130 are both targets of SCF<P?

Many cell cycle regulatory proteins are targeted for pro-
teasome-mediated degradation by polyubiquitination
following site-specific phosphorylation and recognition
by specific SCF ubiquitin ligases (DeSalle and Pagano
2001; Yew 2001). The degradation of the Cdk inhibitor
p27 depends on polyubiquitination by SCF**2 following
phosphorylation on Thr187 (Carrano et al. 1999). SCF-
mediated ubiquitination of p27 depends on a physical
interaction between Skp2 and the small Cdk interacting
protein, Cksl (Ganoth et al. 2001; Spruck et al. 2001).
Consistent with this requirement, in both SKP2-/- and
CKS1-/- cells, p27 is stable even when phosphorylated,
and as a consequence, is maintained at a relatively high
level even at the G1/S transition, where it is normally
down-regulated. p130 exhibits a similar pattern of hyper-
accumulation in SKP2-/- and CKS1-/- fibroblasts. In
principle, p130 accumulation under these circumstances
could be an indirect effect of p27 accumulation and con-
comitant inhibition of p130 phosphorylation. However,
the fact the p130 accumulates in its hyperphosphory-
lated forms renders this mechanism unlikely, and
prompted us to perform the series of experiments that
led to the conclusion that Skp2 is the F-box protein re-
sponsible for the ubiquitination and degradation of p130.
Thus, p27 and p130 are regulated in a similar fashion, the
primary difference being the specific Cdk activity con-
ferring affinity for Skp2 and hence triggering degrada-
tion: cyclin D/Cdk4/6 for p130 and cyclin E/Cdk2 for
p27. Although it is not surprising that two proteins with
partially redundant functions are regulated by parallel
mechanisms, the apparent lack of homology between
p130 and p27 in the regions surrounding the relevant
phosphorylation sites raises some interesting questions
concerning the nature of the Skp2 “degron,” the imme-
diate protein structure actually recognized by Skp2. It
has recently been reported that another F-box protein,
Cdc4, recognizes a specific, although somewhat degen-
erate, consensus, surrounding the substrate phosphory-
lation site, designated the Cdc4 degron (Nash et al. 2001;
Strohmaier et al. 2001). In contrast, it seems, based on
sequence comparisons of p27 and p130, that a consensus
degron for Skp2 might not exist, raising the possibility
that Skp2 might interact with different substrates
through different subregions in its large leucine-rich re-
peat domain (Kobe and Kajava 2001). In this context, the
fact that Skp2 requires Cksl for ubiquitination of both
p27 and p130 suggests a general Skp2 activation function
for Cksl.
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Materials and methods

Cell lines

hTERT-immortalized human fibroblasts were a kind gift of J.W.
Shay (The University of Texas Southwestern Medical Center,
Dallas, TX). CKS1+/+ and CKS1-/- MEF lines were previously
described (Spruck et al. 2001). p27+/+ and p27-/- MEF lines
were a kind gift of J. Roberts (Fred Hutchinson Cancer Research
Center, Seattle, WA). Human osteosarcoma cell line U20S is
ATCC no. HTB-96. SKP2+/- and SKP2-/- MEFs were a kind gift
of K.-I. and K. Nakayama (Kyushu University, Fukuoka, Japan).

Cell culture and synchronization

All cells were routinely cultured in 10% FBS DMEM. Synchro-
nization in GO was achieved by 48-h serum starvation of con-
fluent cultures (0.1% FBS). Re-entry into the cell cycle of GO-
arrested cells was achieved by trypsinization, sparse reseeding,
and cultivation in 10% FBS DMEM. Synchronization in early S
phase was achieved by restimulating GO-synchronized cells in
the continuous presence of 2 mM thymidine for 24 h.

Immunological reagents and procedures

Immunoprecipitations and Western blots were performed as de-
scribed (Harlow and Lane 1988), unless otherwise specified. Gel
loading was normalized to protein concentration, unless other-
wise specified. Signals were quantitated by ImageQuant. Anti-
bodies used included the following: p130 (C-20, Santa Cruz),
p130 (C-20-G, Santa Cruz), p107 (C-18, Santa Cruz), pRb (G3-
245, PharMingen), cyclin A (H-432, Santa Cruz), GST (B-14,
Santa Cruz), HA (12CA5 ascitis), HA (HA.11 monoclonal,
BADbCO), SKP2 (GP45, Zymed), p27 (cat no. K25020, Transduc-
tion), p27 (C-19, Santa Cruz), pl6 (cat no. 3501-1, Clontech),
p21 (C-19, Santa Cruz), and FLAG (M2, Sigma).

Retroviral production and infections

Recombinant retroviruses were generated and stable cell lines
expressing HA-tagged p130 alleles were obtained by retroviral
infection and selection, as described (Morgenstern and Land
1990). Viral stocks were prepared as described, using the 293T-
derived packaging cell line Phoenix-Ampho, and the retroviral
plasmid vectors of the pBABE series (Morgenstern and Land
1990; Kinsella and Nolan 1996).

Adenoviral production and infection

Recombinant adenoviruses expressing either wt or AFbox Skp2
(Carrano et al. 1999) were generated as previously described
(Bett et al. 1994; Strohmaier et al. 2001). The recombinant ad-
enovirus for the expression of human pl16 and human p27 were
previously described (Niculescu et al. 1998; Schreiber et al.
1999). The recombinant adenovirus for the expression of human
Cksl was a kind gift of C. Spruck (The Scripps Research Insti-
tute, La Jolla, CA). Purified viral stocks were prepared by CsCl
ultracentrifugation. U20S cells and MEFs were infected at a
multiplicity of infection of 400 and 1200 v.p./cell, respectively,
by incubating thymidine-arrested cultures with CsCl-purified
viral particles in media with no serum supplemented with 2
mM thymidine for 4 h. FBS to 10% final concentration was then
added and cells were cultured in 2 mM thymidine 14 h further
prior to harvesting.
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In vitro binding assays

Baculovirus expressed GST-Skp2/6HIS-Skpl complexes were
purified on a Ni-NTA resin (QIAGEN) under nondenaturing
conditions as previously described (Spruck et al. 2001). Cksl
was expressed in bacteria and purified as described (Bourne et al.
1996). Nonimmune, a-p130 and a-p27 immunoprecipitates im-
mobilized on beads were prepared from CKS1-/- thymidine-
arrested fibroblasts, and probed for binding to the Cks1/Skp2/
Skpl soluble complex. The binding reaction was carried out at
+4°C for 3 h in a buffer containing 10 mM Na Pyrophosphate, 10
mM Na B-glycerophosphate, 10 mM MgCl,, 0.1% Tween-20,
5% glycerol, 1 mM DTT, 1% BSA, 2 ng/mL aprotinin, 2 ng/mL
leupeptin, 2 ng/mL pepstatin, 1 mM PMSF, and 50 mM TrisHCl
(pH 7.5). Pellets were then washed five times in such buffer,
boiled in SDS-sample buffer and analyzed by Western blot with
a monoclonal anti-GST antibody. In the N\-phosphatase experi-
ment, phosphatase inhibitors were not included in the washing
buffer, and samples were dephosphorylated at +30°C for 1 h
following manufacturer’s specifications (Calbiochem) before
the binding reaction.

In vitro ubiquitination assays

Recombinant SCFS**?2 and SCF“* complexes were isolated
from transfected 293T cells, as previously described (Strohmaier
et al. 2001), and then eluted in ubiquitination buffer containing
3x-FLAG peptide (SIGMA) following manufacturer’s specifica-
tions. Ubiquitination buffer contained 5mM NaF, 1 mM
NaVO,, 1.5 mM MgCl,, 5 mM KCl, 1 mM DTT, 20 mM HEPES
(pH 7.4), 2 png/mL aprotinin, 2 pg/mL leupeptin, 2 png/mL pep-
statin, and 1 mM PMSF. Equal amounts of SCF***? complex
were added to immunopurified substrates immobilized on
beads. Ubiquitination was carried out in a 30-uL volume at
+30°C for 2 h with 2 pg either Bovine Ubiquitin (SIGMA) or
Methyl Ubiquitin (Boston Biochem), 1.3 ng UbcH3/Cdc34 (Bos-
ton Biochem) and 0.65 pg E1 enzyme (Boston Biochem), 0.1 pg
Cksl, 1 mM ATP, 20 mM creatine phosphate, and 5 pg creatine
kinase. Reactions were terminated by washing the pellets three
times in RIPA buffer and boiling for 3 min in SDS sample buffer.
Eluted substrates were then analyzed by Western blot.

Pulse-Chase experiments

Pulse-chase experiments were performed on thymidine-arrested
cultures. Cells were incubated with starvation medium (with-
out methionine, 2 mM thymidine, no serum) for 15 min and
then labeled (150 nCi/mL Redivue 35S-methionine, Amersham
Pharmacia) for 45 min. Cells were then chased with normal
medium supplemented with 10% FBS, 2 mM thymidine, and
100 mg/mL methionine. Cells were then washed twice in cold
PBS and lysed in RIPA buffer. Imnmunoprecipitations were per-
formed with anti-HA 12CA5 monoclonal antibody.
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