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The ubiquitin—proteasome pathway plays an import-
ant role in control of the abundance of cell cycle
regulators. Mice lacking Skp2, an F-box protein and
substrate recognition component of an Skpl-Cullin—
F-box protein (SCF) ubiquitin ligase, were generated.
Although Skp2™~ animals are viable, cells in the
mutant mice contain markedly enlarged nuclei with
polyploidy and multiple centrosomes, and show a
reduced growth rate and increased apoptosis. SkpZ'/‘
cells also exhibit increased accumulation of both
cyclin E and p27%?!, The elimination of cyclin E
during S and G, phases is impaired in Skp2™~ cells,
resulting in loss of cyclin E periodicity. Biochemical
studies showed that Skp2 interacts specifically with
cyclin E and thereby promotes its ubiquitylation and
degradation both in vivo and in vitro. These results
suggest that specific degradation of cyclin E and
p27%%! is mediated by the SCFP? ubiquitin ligase
complex, and that Skp2 may control chromosome rep-
lication and centrosome duplication by determining
the abundance of cell cycle regulators.
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Introduction

The ubiquitin—proteasome pathway of protein degradation
plays an important role in control of the abundance of
short-lived regulatory proteins (reviewed by Weissman,
1997; Hershko and Ciechanover, 1998). The rapidity and
substrate specificity of protein degradation by the
ubiquitin—proteasome pathway are consistent with its
role in controlling the fluctuations in the intracellular
concentrations of cyclins (King ez al., 1995; Sudakin et al.,
1995; Clurman et al., 1996; Won and Reed, 1996) and
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cyclin-dependent kinase (CDK) inhibitors (CKlIs), such as
p275P! (Pagano et al., 1995).

The ubiquitin-mediated pathway of protein degradation
comprises two discrete steps: the covalent attachment of
multiple ubiquitin molecules to the protein substrate, and
degradation of the polyubiquitylated protein by the 26S
proteasome complex. The ubiquitin attachment system
consists of several components that act in concert
(Hershko et al., 1983; Scheffner et al., 1995). A
ubiquitin-activating enzyme (E1) uses ATP to form a
thioester bond between itself and ubiquitin, and it then
transfers the activated ubiquitin to a ubiquitin-conjugating
enzyme (E2). Certain E2 enzymes transfer ubiquitin
directly to the protein substrate, whereas others require
the participation of a third component, termed ubiquitin
ligase (E3). Although the E3 components are thought to be
primarily responsible for substrate recognition, they are
the least well understood of the enzymes of the ubiquitin
conjugation system.

Two major classes of ubiquitin ligase, which determine
the specificity in protein ubiquitylation, are thought to
regulate cell cycle progression: the SCF complex is
implicated in G;—S progression, and the anaphase-pro-
moting complex or cyclosome (APC/C) is necessary for
separation of sister chromatids at anaphase and for exit
from M phase into G; (reviewed by Zachariae and
Nathmyth, 1999). The SCF complexes consist of the
invariable components Skpl, Cull and Rbx1/ROCI, as
well as a variable component, known as an F-box protein,
that binds to Skp1 through its F-box motif and serves as the
substrate recognition subunit (Bai et al., 1996; Feldman
et al., 1997; Skowyra et al., 1997). Skp2, which contains
an F-box domain followed by leucine-rich repeats, was
identified originally as a protein that interacts with the
cyclin A-CDK2 complex (Zhang et al., 1995). Recently,
however, biochemical data have implicated Skp2 in the
ubiquitin-mediated degradation of p27%"’ (Carrano et al.,
1999; Tsvetkov et al., 1999) and the transcription factor
E2F-1 (Marti et al., 1999). Skp2 begins to accumulate at
late G; and its abundance is maximal during S and G,
phases (Zhang et al., 1995; Carrano et al., 1999; Marti
et al., 1999).

With the use of gene targeting in embryonic stem (ES)
cells, we have now generated mice lacking Skp2. Cells
derived from these animals exhibit hyperaccumulation of
both cyclin E and p27%7!, polyploidy and multiple
centrosomes. Consistent with these observations, our
biochemical analysis indicates that Skp2 mediates ubiqui-
tin-dependent degradation of cyclin E. Taken together,
these data suggest that SCF>*P? functions as the principal
ubiquitin ligase in determining the abundance of cell cycle
regulatory proteins at the G;—S transition, thereby ensur-
ing strict control of chromosomal replication and centro-
some duplication.
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Fig. 1. Targeted disruption of mouse Skp2. (A) Structures of the targeting vector (pSKP2.KO), of the mouse Skp2 locus and of the mutant allele
resulting from homologous recombination. The coding exons or portions of exons are depicted by filled boxes, and the open boxes denote the
non-coding portions. A genomic fragment used as a probe for Southern blot analysis is shown as a striped box, and the expected sizes of the PstI
fragments that hybridize with the probe are indicated. The positions of a set of primers (F1 and F2) used for RT-PCR analysis are also indicated. neo,
the neomycin transferase gene linked to the PGK promoter; tk, thymidine kinase gene derived from herpes simplex virus linked to the PGK promoter.
The orientations of both neo and tk were the same as that of Skp2. Restriction sites: E1, EcoRI; P, Pstl; S2, Sacll; Sm, Smal; Xb, Xbal. Not all
restriction sites are shown. (B) Southern blot analysis of genomic DNA extracted from mouse tails. The DNA was digested with PstI and subjected
to hybridization with the probe shown in (A). (C) RT-PCR analysis of Skp2 (upper panel) or the B-tubulin gene (lower panel) in Skp2*'*, Skp2*"~

and Skp2™~ MEFs. (D) Immunoprecipitation analysis of radiolabeled Skp2 protein in Skp2** and Skp2~~ MEFs. The position of Skp2 is indicated

on the right. (E) Representative male Skp2*'* and Skp2~~ littermates at 4 weeks of age. (F) Representative growth curves of male Skp2*'*, Skp2*'~
and Skp2~"~ mice. Similar differences in body weight were apparent among female mice of the three genotypes (data not shown).

Results

Generation of Skp2 ™~ mice

The mouse Skp2 genomic locus comprises at least 10
exons spanning ~36 kb. The targeting construct was
designed to delete the region from the translation initiation
site to the site corresponding to the C-terminus of the
F-box domain (Figure 1A). ES cells were transfected with
the linearized targeting vector and recombinant clones
were selected. Recombinant ES clones were injected into
C57BL/6 blastocysts, and chimeric males that transmitted
the mutant allele to the germline were obtained.
Heterozygotes were intercrossed to produce homozygous
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mutant mice, which were identified by Southern blot
analysis of tail DNA (Figure 1B). Mating of heterozygotes
yielded Skp2*"*, Skp2*"~ and Skp2~~ offspring approxi-
mately in the expected Mendelian ratio. Reverse tran-
scriptase (RT)-PCR analysis confirmed that the Skp2~/~
mice did not contain detectable Skp2 mRNA (Figure 1C).
Furthermore, neither full-length nor truncated Skp2
protein was detected in Skp2~~ cells (Figure 1D).

The body weight of the Skp2~~ animals was less than
that of their littermate controls (approximately two-thirds
of that of the wild-type littermates) (Figure 1E and F). In
most instances, the homozygous mutants were the smallest
animals in each litter. The mean and range of body weights



of Skp2*'~ mice were intermediate between the corres-
ponding values for wild-type and Skp2~~ mice, although
there was partial overlap in the sizes of Skp2*'~ and Skp2*'*
animals and in those of Skp2*'~ and Skp2~~ mice. These
weight differences were already evident during late
embryogenesis (data not shown). Despite their small
size, the external proportions of Skp2~'~ mice appeared
normal. Both male and female Skp2~~ mice were fertile.
No illness was evident in the Skp2~~ mice up to 10 months
of age, suggesting that the absence of Skp2 does not
increase the incidence of cancer, despite the abnormal
accumulation of cyclin E, polyploidy and centrosome
overduplication apparent in the cells of these animals (see
below).

Enlargement of nuclei and polyploidy in Skp2 -
mice

Necro/psy revealed no gross anatomic abnormalities in
Skp2~~ mice. However, microscopic examination revealed
that the size of nuclei in Skp2~~ hepatocytes is markedly
larger than that of nuclei in the corresponding cells of
wild-type or heterozygous littermates (Figure 2A-F). Flow
cytometry also demonstrated that the DNA content of
hepatocytes from adult Skp2~'~ mice ranges from 2C to
16C, whereas that of most hepatocytes from Skp2*'* and
Skp2*'~ animals was 2C or 4C (Figure 2G). Hepatocytes
from Skp2~"~ mice were also larger in size than those from
Skp2*"* or Skp2*'~ animals.

This phenotype of Skp2~~ cells appears to be tissue
specific. Thus, similar abnormalities were observed in the
lung (epithelium of bronchioles) (Figure 2H and I), kidney
(epithelium of proximal renal tubules) (Figure 2J and K),
embryonic fibroblasts (MEFs; see below) and testis (data
not shown). The size of nuclei in cells of all other organs
examined seemed to be unaffected in the mutant animals.

Reduced growth rate of and centrosome
overduplication in Skp2 ™~ cells
We prepared MEFs from Skp2*'*, Skp2*'~ and Skp27~
embryos on embryonic day 13.5 and examined the initial
growth properties of these cells in culture. At passage 2,
the rate of increase in the number of Skp2”~ MEFs was
markedly reduced compared with that for Skp2** or
Skp2+/ ~ MEFs (Figure 3A), whereas the rates were similar
for Skp2*'* and Skp2*'~ MEFs. At passage 5, Skp2~'~ MEFs
appeared to have virtually ceased proliferating, with the
result that the difference in growth rate between these cells
and either Skp2*"* or Skp2*'~ MEFs was more pronounced.
The rate of proliferation of T lymphocytes derived from
Skp2~"~ mice in response to stimulation with immobilized
anti-CD3¢e and anti-CD28 was also markedly reduced
relative to the proliferation rate of T cells from Skp2*™*
animals (Figure 3B). These data suggest that a reduced rate
of cell growth may be a cause of the small body size of
Skp2~"~ mice. Although the cell cycle profile of Skp2™~
MEFs in asynchronous culture seemed almost normal, the
entry of these cells into S phase appeared partially delayed,
as revealed by the observation that the size of the S phase
population after either y-irradiation or release from serum
deprivation was smaller for Skp2~~ MEFs than for Skp2™'*
or Skp2*'~ MEFs (data not shown).

The cell and nuclear sizes of MEFs from Skp2~~ mice
were substantially larger than those of MEFs from wild-
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type animals (Figure 3C and D). Most MEFs from Skp2*'*
or Skp2*~ mice contained one or two centrosomes
juxtaposed to the nucleus. In contrast, Skp2”~ MEFs
often contained more than two centrosomes (3—12 per cell)
(Figure 3E-H). Quantitative analysis revealed that abnor-
mal amplification of centrosomes during interphase was
apparent in 5.2 and 5.6% of Skp2*"* and Skp2*'~ MEFs,
respectively, compared with a value of 38.2% for Skp2~'~
MEFs (Figure 31). Furthermore, micronuclei were appar-
ent in some Skp2~~ MEFs (Figure 3D), possibly as a result
of unbalanced segregation of chromosomes caused by the
presence of multiple centrosomes. The incidence of
spontaneous apoptosis among Skp2”~ MEFs was also
about twice that among Skp2*'* or Skp2*'~ MEF:s (Figure 3J
and K), possibly as a result of cell death triggered by the
unbalanced segregation of chromosomes. Thus, the
reduced growth rate of Skp2~~ MEFs may be attributable,
at least in part, to the increased frequency of apoptosis.

Accumulation of cyclin E and p27*" in Skp2 =/~
cells

We examined the expression of various cell cycle
regulators in MEFs from Skp2*"*, Skp2*"~ and Skp2™'
embryos. The abundance of cyclin E and p27%7" was
increased specifically in MEFs from Skp2~~ mice, whereas
the amounts of cyclin A, cyclin B, CDK2 and a-tubulin
were similar in the cells from all three strains of mice
(Figure 4A). The accumulation of cyclin E and p27%/
was also apparent in Skp2~~ fetal liver (Figure 4B). The
amount of cyclin D1 also appeared to be slightly increased
in the Skp2~~ MEFs; however, this increase is probably a
secondary effect because Skp2 neither interacts with
cyclin DI nor promotes its ubiquitylation (see Figure SA
and B). Despite the hyperaccumulation of cyclin E in
Skp2™~ MEFs, CDK2-associated kinase activity was not
increased in these cells (Figure 4A), probably because the
additional cyclin E may be free (unbound) and because the
abundance of p275%’_ a potent inhibitor of CDK2 activity,
is also increased in the mutant cells. Marti et al. (1999)
recently showed that SCF*P? may function as a ubiquitin
ligase for E2F-1, which activates the transcription of the
genes for cyclins A and E, dihydrofolate reductase
(DHFR) and other proteins important in DNA synthesis.
However, unlike cyclin E, E2F-1 did not accumulate in
Skp2~"~ cells (Figure 4A). Consistent with this observation,
the abundance of cyclin A and DHFR was also unchanged
in these cells. Northern blot analysis revealed that the
amount of cyclin E mRNA is not increased in Skp2™~
MEFs (Figure 4C). Furthermore, the half-life of cyclin E
was markedly increased in Skp2”~ MEFs, showing
directly that the rate of cyclin E proteolysis is reduced
(Figure 4D). These various data suggest that Skp2 is
dispensable for E2F-1 degradation, and that the accumu-
lation of cyclin E does not result from an increase in
transcription of the cyclin E gene caused by overexpres-
sion of E2F-1.

To exclude the possibility that accumulation of cyclin E
is a secondary effect of inhibition of autophosphorylation
by the increased abundance of p275%7’, we infected wild-
type MEFs with a recombinant adenovirus encoding
p2757!  Overexpression of p27%7" did not result in the
accumulation of cyclin E (Figure 4E), suggesting that the
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Fig. 2. Enlargement of nuclei and polyploidy in Skp2™"~ cells. (A-F) Histological analysis of liver sections from adult Skp2*™* (A and B), Skp2*'~ (C
and D) and SkpZ’/’ (E and F) mice. Sections were stained with hematoxylin and eosin (A, C and E) or with Feulgen solution (B, D and F). Scale bars,
25 um. (G) Flow cytometric analysis of the DNA content of hepatocytes from Skp2*™* (upper panel), Skp2*'~ (middle panel) and Skp2~~ (bottom
panel) mice. (H-K) Histological analysis of sections of bronchioles (H and I) and renal tubules (J and K) from Skp2*™* (H and J) and SkpZ’/’ (I and
K) mice. The sections were stained with hematoxylin and eosin. Scale bars, 25 pum.

accumulation of cyclin E in Skp2~~ MEFs is independent
of p27%"" accumulation.

We next determined whether the accumulation of
cyclin E and p27%?' in Skp2™~ MEFs is reversed by
infection of the cells with a recombinant adenovirus
encoding Skp2. Overexpression of Skp2 in wild-type
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MEFs resulted in a marked decrease in the abundance of
p27%7" but only a small decrease in that of cyclin E
(Figure 4F). This difference in the effects of Skp2
overe_xPression on the abundance of cyclin E and that of
p27%P" is consistent with previous observations
(Sutterluty et al., 1999), and suggests that a certain



proportion of cyclin E molecules are protected from
ubiquitin-dependent proteolysis as a result of their asso-
ciation with CDK2. The amounts of cyclin E and p27%%#’
in Skp2”~ MEFs were reduced to the levels in Skp2*'*
MEFs, when they were infected with the adenovirus
encoding Skp2, confirming that the accumulation of these
two proteins in Skp2~~ MEFs indeed results from Skp2
deficiency, and not from an effect of abnormal expression
of other genes adjacent to the Skp2 locus.

Loss of cyclin E periodicity in Skp2 ™~ cells

We next investigated whether cyclin E is eliminated in the
Skp2™~ cells during S—G, phases of the cell cycle, as
occurs in normal cells. The cell cycle profiles of MEFs
from Skp2** and Skp2~"~ mice were similar at low passage
numbers (data not shown). However, the amount of
cyclin E remained high throughout the cell cycle in the
Skp2~'~ MEFs (Figure 4G), indicating that Skp2-mediated
degradation of cyclin E is required for cyclin E periodicity
during the cell cycle. This observation suggests that down-
regulation of cyclin E is not obligatory for entry into S
phase, in contrast to the fact that cyclin B degradation is
required for exit of cells from mitosis.

Enhancement by Skp2 of ubiquitin-mediated
proteolysis of cyclin E
We confirmed that, like the corresponding human proteins
(Lisztwan et al., 1998), mouse Skpl, Cull and Skp2
proteins form a trimolecular SCF complex in vivo (data not
shown). Given that cyclin E accumulated in Skp2™~ mice,
we then investigated whether Skp2 specifically associates
with cyclin E. A co-immunoprecipitation assay revealed
that recombinant Skp2 interacted with cyclins A and E
in vivo (Figure 5A). Other F-box proteins FWDI1 and
FWD2 did not interact with cyclins A and E (data not
shown). Expression of Skp2 markedly increased the
polyubiquitylation of cyclins A and E in both 293T cells
(Figure 5B) and NIH 3T3 cells (data not shown). To
exclude the possibility that another protein bound to
cyclin E is ubiquitylated, the immunoprecipitate was
boiled in SDS-containing buffer, re-immunoprecipitated
and the second immunoprecipitate subjected to immuno-
blot analysis with anti-ubiquitin antibody. Skp2 did not
interact with cyclin B or D1. Cyclin B was constitutively
ubiquitylated, probably reflecting APC/C activity in cells
in M—-G, phases, regardless of the presence or absence of
Skp2. Cyclin D1 ubiquitylation was not observed even in
the presence of Skp2. These results indicate that Skp2
specifically targets cyclins A and E for ubiquitylation.
Although it binds to cyclin A and promotes its ubiquityla-
tion, Skp2 appears to be dispensable for cyclin A degrad-
ation in Skp2”~ MEFs (Figure 4A), probably because
cyclin A ubiquitylation is mediated by both APC/C and
SCF complexes. It is likely that the APC/C compensates in
this regard for the lack of Skp2. Endogenous Skp2 was
also detected by immunoblot analysis in immunoprecipi-
tates prepared from Jurkat cell lysates with anti-cyclin E
(Figure 5C), suggesting that endogenous Skp2 interacts
with endogenous cyclin E under physiological conditions.
We then investigated whether Skp2 mediated
ubiquitylation of cyclin E in vitro. Cyclin E, Skp2, Skpl
and Cull were expressed in and purified from insect
cells infected with the corresponding recombinant
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baculoviruses, and the purified recombinant proteins
were then incubated in various combinations together
with E1, an S100 fraction of NIH 3T3 cell lysate as a
source of E2 and Rbxl (and other possible required
factors), and ubiquitin. The reaction mixtures were
subjected to immunoprecipitation with anti-cyclin E, and
the immunoprecipitates were subjected to immunoblot
analysis with anti-ubiquitin. Skp2 markedly increased the
polyubiquitylation of cyclin E (Figure 5D), and this effect
was enhanced further by Skp1-Cull (data not shown). To
confirm that the ladder/smear is ubiquitylated cyclin E, we
added GST-fused ubiquitin (34 kDa) instead of ubiquitin
(8 kDa) to the reaction. The ladder/smear was shifted to a
higher molecular weight (Figure 5D), suggesting that
cyclin E is polyubiquitylated in the presence of Skp2 in the
reaction. These in vivo and in vitro data thus suggested that
Skp2 functions as a component of the SCF ubiquitin ligase
for cyclin E.

Interaction of Skp2 with Cul1, but not with Cul3
Very recently, it has been reported that both Cul/™~ and
Cul3™" animals died in utero around embryonic day 6.5
and their cells exhibited accumulation of cyclin E (Dealy
et al., 1999; Singer et al., 1999; Wang et al., 1999). Given
that cells are able to tolerate high levels of cyclin E
expression (Spruck et al., 1999) and that Skp2-deficient
mice, whose cells also exhibit accumulation of cyclin E,
survive the embryonic period (this study), overexpression
of cyclin E may not be a direct cause of embryonic
lethality in Cull”~ or Cul3”~ mice. Because Cullin
probably contributes to the ubiquitin-dependent proteo-
lysis of numerous proteins, the early embryonic lethality in
these knockout animals may be attributable to the
combined effects of dysregulation of the expression of
many proteins. Like Skp2, Cul3 interacts (probably
indirectly) with the free (unbound), unphosphorylated
form of cyclin E (Singer et al., 1999). However, we failed
to detect an interaction between Skp2 and Cul3 in vivo,
whereas the interaction between Skp2 and Cull was
readily detected (Figure 5E), suggesting that Skp2
functions as the substrate recognition component in
conjunction with Skp1l and Cull, to ubiquitylate cyclin E
and other proteins. The contribution of Cul3 to the
ubiquitin-dependent proteolysis of cyclin E remains to
be characterized in detail. In particular, the putative
substrate-specific component of Cul3-based complexes
remains to be identified.

Inhibition by CDK2 of the interaction between
Skp2 and cyclin E

Previous data have suggested that binding of CDK2 to
cyclin E protects the latter from ubiquitylation (Clurman
et al., 1996). We therefore examined whether cyclin E
complexed with CDK?2 interacts with Skp2 and undergoes
ubiquitylation. Co-expression of CDK2 prevented the
interaction between cyclin E and Skp2 in transfected cells
(data not shown) and completely inhibited the ubiquityla-
tion of cyclin E (Figure 6A). A kinase-negative mutant of
CDK2 (D145N) also inhibited both the interaction
between Skp2 and cyclin E and the ubiquitylation of
cyclin E, suggesting that CDK2 physically interrupts the
association of Skp2 with cyclin E, rather than acting
through its kinase activity. Our data thus suggested that the
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Fig. 4. Accumulation of cyclin E and loss of periodicity of cyclin E expression in Skp2~~ cells. (A) Immunoblot analysis (IB) of various cell cycle
regulators in MEFs from Skp2*'*, Skp2*'~ and Skp2™~ mice. An in vitro assay of CDK2 kinase activity is also shown. (B) Abundance of cyclin E

and p275%7 in fetal liver from Skp2*"*, Skp2*"~ and Skp2~~ mice. Immunoblot analysis of glycogen synthase kinase-3p (GSK-3p) is also shown as a
control. (C) Northern blot analysis of cyclin E mRNA in MEFs. Polyadenylated RNA prepared from Skp2*'*, Skp2*'~ and Skp2~™~ MEFs was subjected
to Northern blot analysis with mouse cyclin E cDNA or B-actin cDNA (control) probes. (D) Pulse—chase analysis of the turnover rate of *>>S-labeled
cyclin E in Skp2™"*, Skp2*'~ and Skp2~'~ MEFs. (E) Lack of effect of p275"/ overexpression on the abundance of cyclin E. Wild-type MEFs were
infected with recombinant adenoviral vectors encoding either B-galactosidase (Ad-B-gal) or Flag epitope-tagged p275" (Ad-p27). Immunoblot
analysis (IB) as well as an in vitro assay of CDK2 kinase activity were performed. The asterisk indicates the recombinant Flag-tagged p27%7/.

(F) Reversed expression levels of cyclin E and p275%’ by adenoviral transfer of the Skp2 gene into Skp2”~ MEFs. Cells were infected with
recombinant adenoviral vectors encoding -galactosidase (Ad-B-gal) or Flag-tagged Skp2 (Ad-Skp2). Cell lysates subsequently were prepared and
subjected to immunoblot analysis with antibodies to cyclin E, p275%7”, Flag (for Skp2), B-galactosidase, CDK2 or o-tubulin. (G) Impaired elimination
of cyclin E during S—G, phases in Skp2-deficient MEFs. Cell lysates prepared from MEFs in asynchronous culture (AS) or at the indicated times after
release from aphidicolin-induced cell cycle arrest were subjected to immunoblot analysis with anti-cyclin E or anti-o-tubulin (control).

Fig. 3. Reduced growth rate, abnormal amplification of centrosomes and increased incidence of apoptosis in the absence of Skp2. (A) Growth curves
of Skp2*"*, Skp2*'~ and Skp2™~ MEFs at passage 2 (left panel) and passage 5 (right panel). Data are means of duplicate plates, and each curve
corresponds to MEFs from a different animal. (B) Growth curves of T lymphocytes derived from Skp2*'* (circles) and Skp2™~ (squares) mice with
(closed symbols) or without (open symbols) stimulation by immobilized anti-CD3¢ and anti-CD28. Data are means * SD of triplicate cultures and are
expressed as specific absorbance (the absorbance value for cell cultures minus that for medium alone). (C and D) Enlargement of nuclei in Skp2~/~
ME-Fs. Skp2+/ *(C) and SkpZ’/’(D) MEFs were stained with Hoechst 33258 dye (blue) to reveal the size of nuclei. Arrows indicate the abnormal
micronuclei detected specifically in Skp2~'~ MEFs. Scale bars, 100 um. (E-H) Overduplication of centrosomes in Skp2~”~ MEFs. MEFs from Skp2*'*
(E and G) and SkpZ”' (F and H) mice were stained with anti-pericentrin (green) either alone (E and F) or together with both anti-c-tubulin (red) and
Hoechst 33258 DNA dye (blue) (G and H). Scale bars, 10 um. (I) Quantitative analysis of centrosome number. Data are expressed as the percentage
of cells that contained the indicated number of centrosomes. (J) Increased incidence of spontaneous apoptosis in Skp2~'~ MEFs. Skp2*'* (top panel),
Skp2*"~ (middle panel) and Skp2~~ (bottom panel). MEFs at passage 2 were harvested, stained with hypotonic fluorescent solution and subjected

to flow cytometry. Representative results are shown, with the percentage of hypodiploid (apoptotic) cells indicated. (K) Quantitative analysis of
spontaneous apoptosis in MEFs. The percentage of hypodiploid cells among Skp2*'*, Skp2*'~ and Skp2™~ MEFs was determined and is expressed as
the mean = SD of values from triplicate cultures. Statistical analysis by Student’s 7-test for two independent samples yielded two-tailed p-values of
<0.02 and <0.05 for comparison between SkpZ”+ and SkpZ’/’ MEFs and between Skp2+/’ and SkpZ’/’ MEFs, respectively.
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anti-Flag. (B) Skp2-induced ubiquitylation of cyclins A and E. Immunoprecipitates prepared as in (A) were subjected to immunoblot analysis with
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was also subjected to immunoblotting.

binding of CDK2 to cyclin E prevents cyclin E from
interacting with Skp2 and from undergoing ubiquitylation,
and that cyclin E that is not complexed with CDK2 is
targeted by Skp2 for ubiquitylation.

This conclusion was confirmed by an experiment with
cyclin E mutants. Phosphorylation of Thr380 in cyclin E
by complexed CDK?2 is thought to reduce the stability of
cyclin E; thus, replacement of this threonine residue with
alanine (T380A) stabilizes cyclin E (Clurman et al., 1996;
Won and Reed, 1996). However, this mutation affected
neither the interaction between Skp2 and cyclin E nor the
ubiquitylation of cyclin E promoted by Skp2 (Figure 6B),
suggesting that phosphorylation at Thr380 may regulate
cyclin E stability by a mechanism that is independent of
Skp2-mediated ubiquitylation. Another cyclin E mutant, in
which Argl30 is replaced by alanine (R130A), was also
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tested for binding to Skp2. Argl30 of cyclin E is critical
for CDK2 binding, so that this mutant is unable to
associate with and be phosphorylated by CDK2 (Clurman
et al., 1996). CDK2 inhibited neither the interaction of the
R130A mutant of cyclin E with Skp2 nor its basal level of
ubiquitylation, which was apparent when the blot was
overexposed (Figure 6B). In addition, phosphatase treat-
ment did not induce dissociation of the Skp2—cyclin E
complex, whereas it readily abolished the phosphoryla-
tion-dependent interaction between FWDI1/B-TrCP and
IkBo (Hatakeyama et al., 1999) (Figure 6C). Taken
together, these observations suggest that the Skp2-induced
ubiquitylation of cyclin E does not require CDK2-medi-
ated phosphorylation. Phosphorylation of Thrl187 of
p27%7" by the cyclin E-CDK2 complex was shown
previously to be required for the interaction of this CKI



with Skp2 (Carrano et al., 1999). The recognition of
cyclin E and p27%7! by Skp2 thus appears to be achieved
by distinct mechanisms.

Our data thus suggested that cyclin E that is not
complexed with CDK2 is targeted by Skp2 for ubiquityla-
tion. To investigate this hypothesis directly, we performed
a sequential immunoprecipitation assay with lysates of
293T cells expressing Myc-cyclin E and Flag-Skp2. The
protein complex immunoprecipitated with anti-CDK2
contained neither Skp2 nor ubiquitylated cyclin E
(Figure 6D). The supernatant from this immunoprecipita-
tion, containing Myc-cyclin E that was not complexed
with CDK2, was then subjected to immunoprecipitation
with anti-Myc. The resulting precipitate contained both
Skp2 and ubiquitylated cyclin E, consistent both with the
hypothesis that Skp2 interacts preferentially with free
cyclin E and thereby promotes its ubiquitylation, and with
the previous observation that free cyclin E is targeted for
ubiquitylation. A pulse—chase experiment revealed that
Skp2 markedly increased the turnover rate of cyclin E
(Figure 6E). Consistent with our binding and ubiquityla-
tion data, co-expression of CDK?2 with Skp2 prevented the
stimulatory effect of the latter on cyclin E degradation.

Discussion

Protein degradation by the ubiquitin—proteasome pathway
plays a fundamental role in determining the abundance of
important regulatory proteins. Although ubiquitin ligases
are thought to determine substrate specificity in this
pathway, specific targets have been identified for few such
E3 enzymes in higher eukaryotes. The mammalian F-box
protein Skp2 was isolated originally as a molecule that
binds to cyclin A—-CDK2 (Zhang et al., 1995). More
recently, Skp2 was shown to participate in the ubiquityla-
tion of the CKI p27%%’ and the transcription factor E2F-1
(Carrano et al., 1999; Marti et al., 1999; Tsvetkov et al.,
1999). Our present data show that Skp2 interacts with
cyclin E and thereby induces its ubiquitin-dependent
proteolysis, and that cells that lack Skp2 accumulate both
cyclin E and p27%% as a result of a specific impairment in
the degradation of these proteins. These observations
provide, as far as we are aware, the first genetic evidence
that an F-box protein plays a physiological role in the
degradation of a specific protein substrate in mammals.
Our results thus suggest that SCF*P? is a bona fide
ubiquitin ligase for both cyclin E and p27%7’.

Although the precise mechanisms responsible for
monitoring centrosome number and function are unknown,
recent studies with cell-free assays have suggested that
cyclin E-dependent kinase activity is required for centro-
some duplication (Hinchcliffe et al., 1999). Permanent
centrosome duplication is observed during early embryo-
genesis, in which, as in SkpZ_/_ cells, cyclin E is not
degraded periodically (Hinchcliffe et al., 1999; Karsenti,
1999). Thus, the overduplication of centrosomes apparent
in Skp2™~ cells is likely to be attributable to the
overexpression and retention of cyclin E. Meraldi et al.
(1999) showed that the kinase that appears to be directly
responsible for the initiation of centrosome duplication
may not be cyclin E-CDK?2 but rather cyclin A-CDK2, as
well as E2F transcription factors in somatic cells.
However, neither cyclin A nor E2F-1 accumulates in
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Skp2~"~ cells, suggesting that overexpression of cyclin E is
the more likely cause of centrosome overduplication in
these cells. However, total CDK2 activity was not altered
in Skp2~~ cells. One possible explanation for this apparent
discrepancy is that both positive and negative regulators of
the cell cycle accumulate in SkpZ_/_ cells, but that the
precise timing of the activation and the localization of
these regulators may be altered in Skp2~'~ cells, resulting
in defects in maintenance of the numbers of chromosomes
and centrosomes. These possibilities remain to be tested in
the future. It also remains possible that other unidentified
substrates that suppress centrosome duplication may be
targeted by SCF>*P?. Skp1 and Cull, both components of
the SCF ubiquitin ligase, have been shown to localize to
the centrosome (Freed et al., 1999; Gstaiger et al., 1999),
suggesting that Skp2 might mediate ubiquitylation of
substrates in the centrosome. Transient transfection
experiments indicate that Skp2 is localized predominantly
in the nucleus but is also present in the cytoplasm (Miura
et al., 1999). Although focal expression of Skp2 at the
centrosome was not detected in this previous study, it
remains possible that this protein is localized at this site.

It is of note that a mutant fission yeast lacking the F-box
protein Popl exhibits polyploidy (Kominami and Toda,
1997). In a pop1 mutant, the CDK inhibitor Rum1 and the
S-phase regulator Cdc18 accumulate to high levels. In
fission yeast, maintenance of genome ploidy is controlled
by at least two mechanisms: Cdc2/Cdc13 (B-type cyclin)
and Cdcl8. Thus, it is highly likely that the inhibition of
Cdc2/Cdc13 kinase activity by overexpression of Ruml
results in polyploidization due to bypass of M phase in the
mutant (Correa-Bordes and Nurse, 1995). Similarly, the
successive S phase driven by overexpression of Cdcl8
may also be involved in the polyploidization (Nishitani
and Nurse, 1995). Given the similarities of the mutant
phenotypes of Popl and Skp2, accumulation of p27%%’
and cyclin E in Skp2™~ cells may correspond functionally
to that of Rum1 and Cdc18 in the popl mutant. Thus we
are generating double-mutant mice lacking both Skp2 and
p27 genes to examine whether the accumulation of p27%7/
is essential for the polyploidy and centrosome over-
duplication.

The abnormally high number of centrosomes present in
many human tumor cell types may lead directly to
aneuploidy and genomic instability through the formation
of multipolar mitotic spindles. In addition, cyclin E
overexpression can result in genomic instability and
increase the percentage of cells exhibiting polyploidy
(Spruck et al., 1999). Indeed, dysregulation of cyclin E is
apparent in many types of neoplasm (Keyomarsi and
Herliczek, 1997), suggesting that mutations in Skp2 might
contribute to such dysregulation. Furthermore, the human
Skp2 gene is located on chromosome 5p13, near a site of
frequent deletion in lung carcinomas (Demetrick et al.,
1996). These various observations support the notion that
the loss of Skp2 might lead to carcinogenesis. However,
given that Skp2”~ mice do not appear to exhibit a
predisposition to cancer, the loss of Skp2 per se does not
seem to result directly in carcinogenesis, despite the
polyploidy and multiple centrosomes apparent in Sk_pZ*/*
cells. It is possible that the accumulation of p27%%’ in
SkpZ_/_ cells counteracts, at least in part, the growth-
promoting effect of cyclin E-dependent kinase activity.
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Our data with Skp2™~ mice also suggest that mechanisms
other than those that underlie chromosome and centro-
some instability might contribute to tumorigenesis. Thus,
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cell cycle checkpoints or susceptibility to apoptosis, both
of which appear normal in Skp2~~ mice (data not shown),
might play an important role in tumorigenesis. The
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possibility remains, however, that the loss of Skp2 might
be a critical step in the development of certain human
cancers.

Materials and methods

Construction of Skp2 targeting vector and generation of
Skp2 '~ mice

Cloned genomic DNA corresponding to the Skp2 locus was isolated from
a 129/Sv mouse genomic library (Stratagene). The targeting vector,
pSKP2.KO, was constructed by replacing a 13 kb Smal-SacIl fragment
containing exons 1-4 with a PGK-neo-poly(A) cassette. The targeting
vector thus contained 1.1 and 7.5 kb regions of homology 5" and 3" of the
neomycin resistance marker, respectively. The PGK-tk-poly(A) cassette
was ligated at the 3" end of the insert. The maintenance, transfection and
selection of ES cells were performed as described (Nakayama et al.,
1996). The recombination event was confirmed by Southern blot analysis
with the 0.7 kb Accl-Spel probe that flanked the 5" homology region
(Figure 1A). The expected sizes of hybridizing fragments by Psil
digestion are 5.3 and 4.8 kb for wild-type and mutant Skp2 alleles,
respectively.

The mutant ES cells were microinjected into C57BL/6 blastocysts, and
the resulting male chimeras were mated with female C57BL/6 mice. The
germline transmission of injected ES cells was confirmed by Southern
blot analysis under the same conditions as above. Heterozygous offspring
were intercrossed to produce homozygous mutant animals. Whole-cell
lysates of MEFs were subjected to RT-PCR as described (Nakayama
et al., 1993) with F1 (5-CAAGCATTCAAAACTCCTGAA-3’) and F2
(5’-CACAGTCACGTCTGGGTGCAGATT-3") primers to confirm the
deletion of Skp2. RT-PCR analysis of B-tubulin mRNA was also
performed as a control with B1 (5-TCACTGTGCCTGAACTTACC-3")
and B2 (5-GGAACATAGCCGTAAACTGC-3’) primers. All mice were
maintained in a specific pathogen-free animal facility at the Medical
Institute of Bioregulation, Kyushu University.

Histology

Tissues were dissected, fixed in 10% buffered formaldehyde and
embedded in paraffin. Sections (3 um thick) were prepared and stained
with hematoxylin and eosin. The Feulgen reaction was initiated, after
removal of paraffin, by incubation of the sections in 1 M HCI for 10 min at
60°C. The sections were subsequently incubated in Schiff solution for
30 min at room temperature. After three 5 min washes with 0.5% sodium
hydrogen sulfate, sections were washed with tap water for 3 min and
mounted on slides for microscopic analysis.

Preparation of MEFs

Primary MEFs were obtained from embryos on embryonic day 13.5 and
cultured as previously described (Nakayama et al., 1996). For growth rate
analysis, the cells were plated in 10 cm culture dishes at a density of
1 X 10° cells per dish. For cell synchronization and cell cycle analysis,
MEFs were arrested at the G;—S boundary by culture in the presence of
aphidicolin (1 pg/ml) for 14 h. The cells were released from aphidicolin
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block by washing with and culture for various times in aphidicolin-free
medium. At the indicated times, cells were harvested and either subjected
to cell cycle analysis or lysed for immunoblot analysis as described
below.

Flow cytometry

Suspensions of single hepatocyte nuclei for determination of DNA
content were prepared from liver as described previously (Weeda et al.,
1997). For detection of apoptosis, MEFs were harvested and stained with
hypotonic fluorescent solution (Nicoletti ef al., 1991). All analyses were
performed with a FACSCalibur flow cytometer and Cell Quest software
(Becton Dickinson).

Immunofluorescence microscopy

Immunocytochemical analysis of centrosomes and microtubules was
performed as described (Zhou et al., 1998) with some modifications.
Centrosomes and microtubules were stained with rabbit anti-pericentrin
(PRB-432C; Corance) and mouse anti-o-tubulin (TU-01; Zymed),
respectively, and immune complexes were detected with Alexa488-
conjugated goat anti-rabbit immunoglobulin G (IgG) (green; Molecular
Probes) and Alexa546-conjugated goat anti-mouse IgG (red; Molecular
Probes), respectively. Nuclei were stained with Hoechst 33258 dye
(blue).

Lymphocyte proliferation assay

Single-cell suspensions were prepared from lymph nodes of 4-month-old
mice. Lymphocytes (1 X 10%) were transferred to the wells of 96-well
plates that had been coated with anti-CD3¢ and anti-CD28 (PharMingen).
Proliferation was monitored after 48, 96 or 144 h of culture with the use of
an XTT colorimetric assay (Boehringer Mannheim). Absorbance at
490 nm, which correlates with viable cell number, was measured with a
Benchmark microplate reader (Bio-Rad).

Construction of expression plasmids and mutagenesis
Complementary DNAs encoding mouse Skp2, FWD1 and IKK?2 tagged at
their N-termini with the Flag epitope, as well as those encoding human
cyclins A, B, D1 or E and mouse IxBo tagged at their N-termini with the
Myc epitope, or human CDK2 tagged at its N-terminus with the HA
epitope, were generated by PCR with the high-fidelity, thermostable DNA
polymerase KOD (Toyobo), sequenced, and subcloned into pcDNA3
(Invitrogen). The pcDNA3 vectors encoding the Myc-cyclin E substitu-
tion mutants R130A or T380A or the CDK2 substitution mutant D145N
were generated with the use of a QuickChange site-directed mutagenesis
kit (Stratagene).

Recombinant adenovirus generation and infection

Complementary DNAs encoding p27%7’ and Skp2 tagged at their N-
termini with the Flag epitope, as well as those encoding -galactosidase,
were inserted at the Swal site in pAXCAwt cosmid vector (Takara).
Recombinant viruses were generated by co-transfecting the recombinant
cosmid DNA, and Ad5-dIX adenovirus DNA digested previously with
EcoT22l, into 293 cells according to the manufacturer’s protocol
(Takara). Recombinant adenoviruses were selected by serial re-infection

Fig. 6. Targeting of free cyclin E for Skp2-mediated ubiquitylation. (A) Effect of CDK2 on Skp2-mediated cyclin E ubiquitylation in vivo. Myc-
tagged cyclin E either alone or together with Flag-tagged Skp2, HA-tagged wild-type (WT) CDK2 or an HA-tagged kinase-negative mutant (KN) of
CDK2 were expressed in 293T cells. Proteins immunoprecipitated with anti-Myc were analyzed by immunoblotting with anti-Flag or anti-HA. Ten
percent of the input for immunoprecipitation was also subjected to immunoblotting. (B) Interaction of the cyclin E mutants T380A and R130A with
Skp2 and the effects of CDK2 on their ubiquitylation. Myc-tagged wild-type (WT) or mutant (T380A or R130A) cyclin E, Flag-Skp2 and HA-CDK2
were expressed in 293T cells. Proteins immunoprecipitated with anti-Myc were analyzed by immunoblotting with anti-Myc, anti-Flag, anti-CDK2 or
anti-ubiquitin (this figure is overexposed compared with the others to show the basal level of cyclin E ubiquitylation). Ten percent of the input for
immunoprecipitation was also subjected to immunoblotting. (C) Effect of phosphatase treatment on FWD1-IkBa and Skp2—cyclin E complexes. Myc-
cyclin E, Myc-IkBo, Flag-Skp2, Flag-FWD1 and Flag-IKK2 (IxB kinase 2) were expressed in 293T cells. Proteins immunoprecipitated with anti-Myc
were subjected (or not) to phosphatase (CIP) treatment and then to immunoblot analysis with anti-Flag or anti-Myc. Ten percent of the input for
immunoprecipitation was also subjected to immunoblot analysis. (D) Sequential immunoprecipitation assay showing that only free cyclin E associates
with Skp2 and undergoes ubiquitylation. 293T cells were transfected with expression plasmids encoding Myc-cyclin E and Flag-Skp2. Cell lysates
were subjected to immunoprecipitation with anti-Myc (lane 1) or with anti-CDK2 (lane 2), and the resulting immunoprecipitates were subjected to
immunoblot analysis with anti-CDK2, anti-Myc, anti-Flag or anti-ubiquitin. Cyclin E remaining in the supernatant (Sup) after immunoprecipitation
with anti-CDK2 was then immunoprecipitated with anti-Myc and subjected to immunoblot analysis (lane 3). A portion of the cell lysate corresponding
to 10% of the input for immunoprecipitation was also subjected to immunoblot analysis with anti-CDK2, anti-Myc or anti-Flag (lane 4). (E) Pulse—
chase analysis of the effects of Skp2 and CDK2 on the turnover rate of cyclin E. Myc-cyclin E, Flag-Skp2 and CDK2 were expressed and radiolabeled
in 293T cells. After incubation for the indicated times in the absence of isotope, radiolabeled proteins immunoprecipitated with the anti-Myc were
analyzed by SDS-PAGE and autoradiography.
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of 293 cells and finally amplified in 293 cells, and stored at —80°C. MEFs
were used at passage 2, and were infected with the indicated recombinant
adenovirus for 48 h.

Transfection, immunoprecipitation and immunoblot analysis
Transfection, immunoprecipitation and immunoblot analysis were
performed as described (Hatakeyama er al., 1999). For detection of
ubiquitylated proteins, after extensive washing with lysis buffer the
immunoprecipitates were boiled for 5 min with RIPA buffer [10 mM
Tris—HCI pH 7.4, 150 mM NaCl, 1% (v/v) NP-40, 0.1% (w/v) sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF, 10 mM sodium
pyrophosphate]; the supernatants were then again subjected to
immunoprecipitation for 4 h at 4°C with 5 ug of the required antibodies
and protein G—Sepharose beads.

To detect the expression of cyclins and other proteins in MEFs, we
subjected equal amounts of cell lysate protein (100 pg) to immunoblot
analysis with antibodies to cyclin A (H-432; Santa Cruz), cyclin B (GNS-
1; PharMingen), cyclin D1 (MBL), cyclin E (M-20; Santa Cruz), CDK2
(M2; Santa Cruz), o-tubulin (TU-01; Zymed), E2F-1 (43; Transduction
Laboratories), DHFR (49; Transduction Laboratories), p27K'” ! (57,
Transduction Laboratories), GSK-3B (7; Transduction Laboratories) or
[-galactosidase (clone 200-193; Oncogene Research Products).

For calf intestinal alkaline phosphatase (CIP) treatment, immunopre-
cipitates were equilibrated with 100 pl of a solution containing 50 mM
Tris—HCI pH 8.5 and 0.1 mM EDTA, and were then incubated for 24 h at
37°C with 100 U of CIP (Roche). After extensive washing with lysis
buffer, the immunoprecipitates were subjected to immunoblot analysis
with anti-Flag or anti-Myc (1 pg/ml).

CDK2-associated kinase activity was assessed with an immune
complex kinase assay as described (Nakayama et al., 1996).

In vitro assay of ubiquitylation

Complementary DNAs encoding GST fusion proteins of cyclin E, Skp2,
FWD1, Skp1 or Cull were introduced into pBacPAK9, and the resulting
vectors were used to transfect Sf9 insect cells and thereby to obtain
recombinant baculoviruses. Sf9 cells were infected with the resulting
viruses, and the encoded GST fusion proteins were purified from cell
lysates with the use of glutathione beads. The GST sequence was cleaved
from the purified fusion proteins with PreScission protease (Amersham
Pharmacia Biotech). The reaction conditions are described elsewhere
(Hatakeyama et al., 1999).

Pulse-chase experiments

Transfected 293T cells or MEFs were metabolically labeled with
Trans-**S (ICN) at a concentration of 100 uCi/ml for 1 h, and were
then incubated for various times in the absence of isotope. Cell lysates
were subjected to immunoprecipitation with anti-Myc or anti-cyclin E
(M-20; Santa Cruz), and the resulting precipitates were subjected to SDS—
PAGE, autoradiography and image analysis (BAS-2000; Fuji Film).

Northern blot analysis

Total RNA was isolated from MEFs with an Isogen RNA preparation kit
(Nippon Gene). Polyadenylated RNA was purified from the total RNA
with Oligotex-dT30 Super beads (Takara Biomedicals), subjected (1 pg)
to electrophoresis on a 1% agarose gel containing 5.5% formaldehyde and
transferred to a nylon membrane (Biodyne B; Pall). The blot was then
subjected to hybridization with **P-labeled full-length mouse cyclin E
cDNA as a probe; it was subsequently reprobed with **P-labeled B-actin
cDNA after stripping of the cyclin E probe in 0.5% SDS at 100°C.
Hybridization was performed at 42°C in Ultrahyb solution (Ambion)
under the recommended conditions.

GenBank accession number
The accession number for the nucleotide and predicted amino acid
sequences of mouse Skp2 is AF083215.
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