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The faithful replication of genomic DNA is crucial for maintaining genome stability. In eukaryotes, DNA
rereplication is prevented by the temporal regulation of replication licensing. Replication-licensing factors are
required to form prereplicative complexes during G1 phase, but are inactivated in S phase to prevent
rereplication. A vertebrate CUL4 CRL ubiquitin ligase (CRL4) complex containing Cdt2 as the substrate
recognition subunit promotes proper DNA replication, in part, by degrading the replication-licensing factor
Cdt1 during S phase. We show that the Caenorhabditis elegans CRL4Cdt2 complex has a conserved role in
degrading Cdt1. Furthermore, we show that CRL4Cdt2 restrains replication licensing in both C. elegans and
humans by targeting the degradation of the cyclin-dependent kinase (CDK) inhibitors CKI-1 and p21Cip1,
respectively. Human CRL4Cdt2 targets the degradation of p21 in S phase, with the in vivo ubiquitylation of
p21 by CRL4Cdt2 dependent on p21 binding to PCNA. Inactivation of Cdt2 induces rereplication, which
requires the presence of the CDK inhibitor p21. Strikingly, coinactivation of CRL4Cdt2 and SCFSkp2 (which
redundantly targets p21 degradation) prevents the nuclear export of the replication-licensing factor Cdc6
during S phase, and the block on nuclear export is dependent on p21. Our work defines the degradation of p21
as a critical aspect of replication licensing in human cells.
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To maintain genome integrity, DNA replication must be
tightly regulated so that replication only initiates once at
each replication origin during S phase. The cellular path-
way for preventing overreplication of genomic DNA (re-
replication) is focused on blocking the reformation of
prereplicative complexes (pre-RCs) in S phase (Arias and
Walter 2007). The pre-RC consists of the six-member
origin recognition complex (ORC), the replication-li-
censing factors Cdt1 and Cdc6, and the DNA helicase
MCM2–7 complex. Pre-RC assembly occurs prior to S
phase, either in late mitosis or G1 phase. The ORC binds
to replication origins and recruits Cdt1 and Cdc6, which
together recruit the putative replicative helicase, the
MCM2–7 complex, to form the pre-RC. The formation of
the pre-RC is said to provide the “license” for subse-
quent DNA replication. During S phase, specific pre-RC
components are inactivated by various mechanisms (e.g.,
degradation, nuclear export, phosphorylation, or binding
to inhibitors) so that pre-RCs cannot reform at replica-

tion origins that have already initiated DNA replication
(Arias and Walter 2007).

In budding yeast, fission yeast, and Caenorhabditis el-
egans, multiple pre-RC components are regulated to re-
dundantly prevent origin refiring during S phase (Arias
and Walter 2007; Kim and Kipreos 2008). In vertebrates,
three mechanisms have been implicated in preventing
DNA rereplication: the degradation of the ORC compo-
nent ORC1, the nuclear export of Cdc6, and the inacti-
vation of Cdt1 either by degradation or by binding to the
Cdt1 inhibitor geminin. The degradation of ORC1 may
not be a consistent regulatory mechanism, as it is ob-
served in some mammalian cells but not in others (Arias
and Walter 2007). The importance of vertebrate Cdc6
nuclear export is not well established due to the obser-
vation that a substantial fraction of endogenous Cdc6
remains nuclear-localized throughout S phase (Kim and
Kipreos 2008). In contrast, Cdt1 inactivation has been
functionally linked to the prevention of DNA rereplica-
tion. In Xenopus and humans, limited rereplication is
observed upon overexpression of a nondegradable Cdt1
mutant protein or inactivation of the Cdt1 inhibitor
geminin (Vaziri et al. 2003; Melixetian et al. 2004; Zhu et
al. 2004; Arias and Walter 2005; Li and Blow 2005;
Yoshida et al. 2005). In C. elegans, Xenopus, humans,
and fission yeast, Cdt1 is targeted for degradation during
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S phase by a cullin RING ubiquitin ligase (E3) complex
(CRL) containing the cullin CUL4. In humans, Cdt1 is
also redundantly degraded by the SCFSkp2 E3 complex
(Kim and Kipreos 2007a).

In C. elegans, the inactivation of the cul-4 gene pro-
duces massive levels of DNA rereplication in proliferat-
ing cells, with DNA contents up to 100C (Zhong et al.
2003). C. elegans CUL-4 is required for both the degra-
dation of CDT-1 and the nuclear export of CDC-6 during
S phase (Zhong et al. 2003; Kim et al. 2007). CUL-4 pro-
motes CDC-6 nuclear export by negatively regulating
the level of the Cip/Kip family cyclin-dependent kinase
(CDK) inhibitor CKI-1 (Kim et al. 2007). The deregula-
tion of both CDT-1 and CDC-6 in C. elegans induces
DNA rereplication (Kim et al. 2007). C. elegans CUL-4 is
therefore a master regulator that negatively regulates
both replication-licensing factors to prevent rereplica-
tion.

The structure of the CUL4 CRL complex (CRL4) is
similar to that of other CRL complexes, and contains a
RING H2 protein (Rbx1/Roc1), an adaptor protein
(DDB1), and a substrate recognition subunit (SRS) (Higa
and Zhang 2007; Lee and Zhou 2007; Bosu and Kipreos
2008). Rbx1 binds to the C terminus of cullins and pro-
motes the binding of the ubiquitin-conjugating enzyme
(E2) (Bosu and Kipreos 2008). DDB1 contains three �-
propeller domains and binds to the N terminus of CUL4
(Angers et al. 2006). The SRS links to the complex
through interaction with DDB1, and recruits substrates.

Recent proteomic approaches have identified a family
of WD repeat proteins containing a conserved “WDXR”
motif as potential SRSs for CRL4 complexes (Angers et
al. 2006; He et al. 2006; Higa et al. 2006b; Jin et al. 2006).
The WDXR protein family is predicted to contain ∼90
members in mammals, of which at least 50 have been
shown to be capable of physical association with CUL4
or DDB1 (Angers et al. 2006; He et al. 2006; Higa et al.
2006b; Jin et al. 2006). WDXR family members include
the known CRL4 complex SRSs, suggesting that a ma-
jority of the WDXR family proteins will function as
SRSs. In fission yeast and vertebrates, the WDXR protein
Cdt2/DTL (Cdc10-dependent transcript 2/Denticleless)
functions as a CRL4 SRS to target Cdt1 for degradation
(Higa et al. 2006a; Jin et al. 2006; Ralph et al. 2006;
Sansam et al. 2006). The degradation of Cdt1 is depen-
dent on its interaction with PCNA (proliferating cell
nuclear antigen), which is mediated by the PCNA-bind-
ing PIP-box motif of Cdt1 (Arias and Walter 2007).

In this work, we show that the C. elegans Cdt2 ortho-
log, CDT-2, functions in a CRL4CDT-2 complex to tar-
get the degradation of the replication-licensing factor
CDT-1 and the CDK inhibitor CKI-1. We extend this
to show that the human CRL4Cdt2 complex targets the
degradation of the Cip/Kip family CDK inhibitor
p21Cip1/Waf1/Sdi1. The CRL4Cdt2-mediated ubiquitylation
of p21 requires p21 binding to PCNA. We present evi-
dence that CRL4Cdt2 targets the degradation of p21 dur-
ing S phase to control the nuclear export of the Cdc6
replication-licensing factor and prevent DNA rereplica-
tion.

Results

CRL4CDT-2 is required for CKI-1 degradation in C.
elegans

In C. elegans, cul-4 inactivation causes substantial re-
replication in mitotically proliferating larval cells
(Zhong et al. 2003). The rereplication in cul-4 mutants
arises from a failure to negatively regulate the levels of
the replication-licensing factor CDT-1 and the CDK in-
hibitor CKI-1 (Zhong et al. 2003; Kim and Kipreos 2007b;
Kim et al. 2007). CKI-1 accumulates in rereplicating
cul-4 mutant cells, and cki-1 RNAi depletion suppresses
the rereplication, indicating that CKI-1 is essential
for the rereplication to occur (Kim and Kipreos 2007b;
Kim et al. 2007). In order to determine which SRS is
responsible for the degradation of CKI-1 in C. elegans,
we took a candidate gene approach. Fifty WDXR motif
proteins have been identified as physical interactors
with CRL4 components in mammals, and are therefore
potential SRSs (Angers et al. 2006; He et al. 2006; Higa et
al. 2006b; Jin et al. 2006). We identified 24 orthologs of
these genes in C. elegans, and tested RNAi depletions of
eight of the genes to determine if the RNAi would in-
duce CKI-1 accumulation, as determined by immunoflu-
orescence with anti-CKI-1 antibody. Of the tested
WDXR motif genes, only the RNAi inactivation of the
cdt-2 gene (the ortholog of mammalian CDT2) produced
an accumulation of CKI-1 in larval blast cells (Fig. 1A;
see the Materials and Methods section for the genes
tested).

cdt-2(RNAi) larvae exhibit enlarged blast cells, includ-
ing seam cells, that have increased DNA content, similar
to what is observed in cul-4 or ddb-1 RNAi animals (Fig.
1A,B). The level of genomic DNA in the enlarged cdt-
2(RNAi) cells is 14.8 ± 7.1 C DNA content for L4-
stage larvae (2 d post-hatch), relative to 2.0 ± 0.2 C for
wild-type L4-stage larvae, and 25.9 ± 15.4 C for ddb-
1(RNAi) arrested L2-stage larvae (3 d post-hatch). How-
ever, cdt-2(RNAi) larvae do not exhibit all of the cul-4
mutant phenotypes. Unlike cul-4 or ddb-1 mutants, cdt-
2(RNAi) animals do not arrest at the L2 larval stage or
exhibit a stereotypical degenerating germ cell pheno-
type. The observation of only a subset of cul-4 mutant
phenotypes is consistent with the loss of a single class of
CRL4 complex (as each class is defined by its associated
SRS).

In vertebrates, Cdt2 functions as the CRL4 SRS to tar-
get the degradation of Cdt1 in S phase (Higa et al. 2006a;
Jin et al. 2006; Sansam et al. 2006). We found that C.
elegans CDT-2 is similarly required for CDT-1 degrada-
tion in S phase, with CDT-1�GFP perduring in S-phase
cdt-2(RNAi) seam cells (Fig. 1C). In cul-4 mutants, the
rereplication phenotype arises from the failure to de-
grade CDT-1 and CKI-1 (Zhong et al. 2003; Kim and
Kipreos 2007b). The observation that cdt-2(RNAi) blast
cells have increased DNA content and accumulate both
CDT-1 and CKI-1, strongly suggests that CDT-2 func-
tions in the context of a CRL4 complex to prevent DNA
rereplication.

Kim et al.

2508 GENES & DEVELOPMENT



CDT-2 functions as a CRL4 complex SRS to target
CKI-1 degradation

To test if CDT-2 functions as an SRS, we analyzed the
physical interactions of CDT-2 with CRL4 components
and the putative substrates CDT-1 and CKI-1 using the
yeast two-hybrid assay. The two-hybrid results are con-
sistent with CDT-2 functioning as an SRS: CDT-2 inter-
acted with the adaptor DDB-1 and with the substrates
CKI-1 and CDT-1, but did not interact directly with
CUL-4 (Fig. 2A [top panel], B). Also consistent with the
CRL structure, the adaptor DDB-1 did not interact di-
rectly with the substrates CKI-1 or CDT-1 in the two-
hybrid assay (Fig. 2A, top; data not shown). We tested
whether CDT-2 can act as a bridge between DDB-1 and
CKI-1 using the yeast three-hybrid test (Licitra and Liu
1996). CDT-2 was expressed from the GAL1 promoter,
which is induced by galactose and repressed by glucose
(Giniger et al. 1985). Yeast containing the GAL1 pro-
moter/CDT-2 construct plus a DDB-1/GAL4 DNA-bind-
ing domain fusion and CKI-1/GAL4 activation domain
fusion were able to grow on histidine(−) selection plates
containing galactose but not glucose, indicating that
CDT-2 can bridge interaction between DDB-1 and CKI-1

(Fig. 2A, bottom). A similar experiment showed that
DDB-1 can mediate interaction between CUL-4 and
CDT-2 (Fig. 2A, bottom).

To test if CKI-1 is a ubiquitylation substrate of CDT-2,
we utilized a mammalian expression system. We ob-
served that C. elegans CDT-2 can interact with TAP-
tagged human DDB1, suggesting that it can interact with
human CRL4 components (Fig. 2C). Coexpression of C.
elegans CDT-2 with CKI-1 in HeLa cells stimulated the
in vivo ubiquitylation of CKI-1, suggesting that CKI-1 is
a direct substrate of the CRL4CDT-2 E3 complex (Fig. 2D).
Overall, our data indicate that CDT-2 functions as a
CRL4 SRS to catalyze the ubiquitin-mediated degrada-
tion of the replication-licensing factor CDT-1 and the
Cip/Kip family CDK inhibitor CKI-1 in C. elegans.

Human CRL4Cdt2 targets p21Cip1 for degradation

The mammalian Cip/Kip family includes three members
(p21Cip1, p27Kip1, and p57Kip2) that are each capable of
inhibiting a wide-range of CDK holoenzymes (complexes
of CDKs and cyclins) (Besson et al. 2008). To test if Cdt2
negatively regulates the levels of Cip/Kip family CDK

Figure 1. Loss of CDT-2 is associated with enlarged blast cells with excessive CKI-1. (A) Seam cell nuclei of wild-type, ddb-1(RNAi)
and cdt-2(RNAi) L4-stage larvae, stained with DAPI (blue) and anti-CKI-1 (green). (B) DIC images of the lateral hypodermis of L4-stage
cdt-2(RNAi) and wild-type larvae. Se, seam cell nuclei; H, hyp7 cell nuclei. (C) CDT-1�GFP protein expression in G1-phase and
S-phase seam cells with or without cdt-2 RNAi treatment. Epifluorescence images show CDT-1�GFP (green) and Prnr-1�tdTomato
(an S-phase marker, red). G1-phase seam cells are from larvae 90 min post-hatching, and S-phase seam cells are from larvae 210 min
post-hatching. CDT-1�GFP was expressed from the seam cell-specific wrt-2 promoter (Aspock et al. 1999). Note that CDT-1�GFP is
absent in S-phase wild-type cells but is present in S-phase cdt-2(RNAi) cells. Seam cell boundaries are marked by AJM-1�GFP.
Arrowheads indicate seam cell nuclei. Bars, 10 µm.

Cdt2 degrades p21 to control replication
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inhibitors in human cells, we determined whether Cdt2
siRNA knockdown would lead to increases in the pro-
tein levels of the three mammalian CDK inhibitors. We
observed that Cdt2 knockdown in HeLa cells produced a
5.6-fold increase in p21Cip1 protein levels (Fig. 3A). In
contrast, Cdt2 knockdown did not increase the levels of
the Cip/Kip family members p27Kip1 or p57Kip2 (Fig. 3A).
It has been reported that the E3 SCFSkp2 can target p21,
p27, and p57 for degradation (Yu et al. 1998; Carrano et

al. 1999; Sutterluty et al. 1999; Tsvetkov et al. 1999;
Bornstein et al. 2003; Kamura et al. 2003). In our experi-
ments, Skp2 knockdown in HeLa cells increased the lev-
els of p21 and p27, but did not affect p57 levels. Notably,
coknockdown of Cdt2 and Skp2 increased p21 levels ap-
proximately twofold higher than either single knock-
down (an 11-fold increase), indicating that Cdt2 and
Skp2 redundantly regulate p21 (Fig. 3A). Unless other-
wise noted, siRNA experiments were performed with
pools of four siRNAs. Knockdowns with individual
siRNAs for Cdt2 and Skp2 also produced increased p21
levels (Fig. 3B).

To determine if Cdt2 regulates p21 levels in S phase,
we inactivated Cdt2 in asynchronous cells and in cells
enriched in S phase by hydroxyurea (HU) treatment. The
level of p21 was significantly increased in S-phase Cdt2
siRNA cells relative to asynchronous Cdt2 siRNA cells,
suggesting that CRL4Cdt2 predominantly regulates p21
levels during S phase (Fig. 3C). A similar increase in p21
levels was also observed in aphidicolin-blocked Cdt2
siRNA cells (data not shown). In contrast to the Cdt2
knockdown, Skp2 siRNA treatment produced similar el-
evated levels of p21 in asynchronous and HU-treated
cells, suggesting that SCFSkp2-mediated p21 degradation
is not restricted to S phase (Fig. 3C). To determine if
Cdt2 affects the rate of p21 protein turnover, we per-
formed a time-course experiment in which Cdt2 knock-
down or control GFP knockdown cells were arrested in S
phase with HU in the presence of the proteasome inhibi-
tor MG132. At time 0, HU and MG132 were removed
while cycloheximide was added to block protein synthesis.
We found that the half-life of endogenous p21 was signifi-
cantly increased in Cdt2 knockdown cells, indicating that
Cdt2 contributes to p21 turnover during S phase (Fig. 3D).

It has been observed that p21 levels decrease during S
phase as serum-stimulated quiescent mammalian cells
progress through the cell cycle (Dulic et al. 1998; Ama-
dor et al. 2007). We asked whether Cdt2 is required for
this drop in p21 protein levels. To test this, serum-
starved HeLa cells were treated with either Cdt2 siRNA
or control GFP siRNA, and then stimulated with serum.
As previously reported, p21 levels increased in control
cells after serum stimulation and then decreased as cells
progressed through S phase (Fig. 3E). Cdt2 protein levels
were very low in quiescent control cells, but increased
significantly upon serum stimulation, with the highest
level observed at 9 h post-serum stimulation coincident
with increased expression of Cyclin B1, indicating that
the cells had entered S phase (Fig. 3E). The increase in
Cdt2 levels correlated with the decrease in p21 levels. In
Cdt2 knockdown cells, the induction of Cdt2 protein
after serum stimulation was blocked, and p21 was mark-
edly stabilized as cells progressed through S phase (Fig.
3E). Our results indicate that Cdt2 contributes signifi-
cantly to the degradation of p21 during S phase in mi-
totically dividing cells.

To determine if Cdt2 directly targets the degradation
of p21, we tested for physical interaction between p21
and Cdt2. We observed that when expressed in HEK293T
cells, Flag-Cdt2 and Myc-p21 reciprocally coimmunopre-

Figure 2. CDT-2 interacts with the CRL4 adaptor DDB-1 and
the substrates CDT-1 and CKI-1. (A) Yeast two-hybrid (top
panel) and three-hybrid (bottom panel) analysis to examine the
interactions between CRL4 complex components and sub-
strates. Note that CDT-2 binds to the putative substrates
CDT-1 and CKI-1 and to the adaptor DDB-1 in the two-hybrid
assay, but not to CUL-4. For the three-hybrid assay, DDB-1 and
CDT-2 were expressed under control of the galactose-inducible
GAL1 promoter. Note that CUL-4 can interact with CDT-2
only in the presence of DDB-1, and that DDB-1 can interact
with CKI-1 only in the presence of CDT-2 (left and right sides of
the plate, respectively). The first protein listed was expressed as
a fusion with the GAL4 DNA-binding domain, and the second
protein was expressed as a fusion with the GAL4 activation
domain. (B) Diagram of the predicted CRL4CDT-2 structure with
bound substrate. Components are labeled. (C) C. elegans CDT-2
can physically associate with human TAP-DDB1 when coex-
pressed in 293T cells. Note that pulldown of TAP-DDB1 co-
precipitates C. elegans CDT-2. (D) The in vivo ubiquitylation of
C. elegans CKI-1 expressed in HeLa cells is stimulated by C.
elegans CDT-2. Flag-CKI-1 and HA-ubiquitin were coexpressed
with or without Myc-CDT-2. Flag-CKI-1 was immunoprecipi-
tated under denaturing conditions (0.1% of SDS), and analyzed
by Western blot with anti-HA and anti-Flag antibodies. Whole-
cell lysate was blotted to assess Myc-CDT-2 expression.
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cipitate with each other, while Flag-Cdt2 did not show
significant interaction with Myc-p27Kip1 (Fig. 4A). We
also asked whether the expression of Cdt2 would allow
interaction between p21 and DDB1, as expected for an
SRS. We observed that significantly more p21 associated
with expressed TAP-tagged DDB1 in the presence of
Flag-Cdt2 than in its absence (a 6.7-fold difference) (Fig.
4B). The observed low-level of p21 bound to TAP-DDB1
in the absence of Flag-Cdt2 was potentially mediated by
interaction with the endogenous Cdt2.

We next sought to determine if Cdt2 facilitated p21
ubiquitylation. We observed that expression of Flag-Cdt2
stimulated the in vivo conjugation of HA-ubiquitin to
endogenous p21 (Fig. 5A). Expression of Flag-Skp2 also
stimulated the in vivo ubiquitylation of p21, consistent
with the siRNA data that showed that both E3 com-
plexes regulate p21 levels (Fig. 5A). The CRL4Cdt2 com-
plex can catalyze the in vitro ubiquitylation of p21 (Fig.
5B). Taken together, our results suggest that p21Cip1 is a
direct target for ubiquitylation by the CRL4Cdt2 E3 li-
gase.

p21 degradation is PIP-box-dependent

The ubiquitylation of vertebrate Cdt1 by CRL4Cdt2 is
dependent on the interaction of Cdt1 with PCNA, me-

diated by the PIP-box sequence of Cdt1 (Higa et al.
2006a; Hu and Xiong 2006; Jin et al. 2006; Nishitani et al.
2006; Senga et al. 2006). p21 has a C-terminal PIP-box
motif and can bind to PCNA (Waga et al. 1994). We ob-
served that the precipitated Flag-Cdt2 immunocomplex,
which was capable of in vitro ubiquitylation of Myc-p21,

Figure 4. CRL4Cdt2 can physically interact with p21. (A) Cdt2
can bind p21. Flag-Cdt2 was coexpressed with either Myc-p21 or
Myc-p27 in HEK293T cells as noted by plus symbols (+) above
the lanes. Anti-Flag immunoprecipitation (IP) or anti-Myc IP
were analyzed by Western blot with anti-Flag antibody (top
panel) or anti-Myc antibody (bottom panel). (B) DDB1 binds to
p21 in a Cdt2-dependent manner. Flag-Cdt2 and nontagged p21
were expressed in HEK293T cells stably expressing TAP–DDB1
as noted above the lanes. Total protein extract and the TAP-
DDB1 pulldown were probed with the indicated antibodies.

Figure 3. Cdt2 targets p21 for degradation in S phase. (A)
Asynchronously growing HeLa cells were transfected
with siRNA for GFP (a control), Cdt2, Skp2, or Cdt2 and
Skp2 together, and the levels of the indicated proteins in
the lysates were assessed by Western blot. Note that p21
protein levels increase upon siRNA knockdown of either
Cdt2 or Skp2, and are further increased upon siRNA
knockdown of both Cdt2 and Skp2. (B) Comparison of
siRNA knockdown of individual siRNAs (numbered) and
pooled siRNAs (P) for Cdt2, Skp2, and p21. The pools
contain the individual siRNAs #2–#5. Note that knock-
downs with individual siRNAs for Cdt2 and Skp2 in-
crease p21 levels similar to the pooled siRNAs. (C) A
comparison of p21 levels in asynchronous or S-phase-en-
riched HU-treated HeLa cells subjected to GFP, Cdt2, or
Skp2 siRNA. Cyclin A is a marker of S/G2 phase, and
�-tubulin is a loading control. Note that p21 levels are
higher in HU-treated than asynchronous Cdt2 siRNA
cells. The increased Cyclin A protein level in asynchro-
nous Cdt2 siRNA cells reflects the increased number of
cells in S phase (undergoing rereplication with greater
than 4C DNA content, see Fig. 6). (D) Analysis of p21
protein turnover in Cdt2 knockdown cells. GFP or Cdt2
siRNA-treated HeLa cells were arrested in S phase with
HU and incubated with the proteasome inhibitor MG132.
At time 0, HU and MG132 were removed and re-
placed with media containing the protein synthesis in-
hibitor cycloheximide (CHX). Cells were harvested at the
indicated times and analyzed by Western blot. Dark and
light exposures of the p21 blot are shown to facilitate a

comparison of p21 turnover in GFP and Cdt2 siRNA cells. A graph of the ratio of p21 to tubulin levels is presented with values
standardized to 100% at time 0 for each siRNA cell type. (E) Time course of p21 levels in serum-stimulated Cdt2 and control
knockdown cells. HeLa cells were serum starved and treated with the individual Cdt2 siRNA (#1) or GFP siRNA. The quiescent cells
were stimulated to enter the cell cycle by the addition of serum, and collected at the times indicated. Cyclin B1 is presented as a cell
cycle marker whose expression begins in S phase (Pines and Hunter 1992).

Cdt2 degrades p21 to control replication

GENES & DEVELOPMENT 2511



contains PCNA (Fig. 5C; data not shown). To determine
the importance of the PIP-box for the physical interac-
tion between p21 and Cdt2, we converted the PIP-box
sequence of p21 (QTSMTDFY) to eight alanine residues.
The p21 PIP-box mutant protein coprecipitated with
Flag-Cdt2 at levels equivalent to that of wild-type p21
(Fig. 5D). As expected, PCNA was only coprecipitated
above background levels with wild-type p21 but not the
p21 PIP-box mutant, suggesting that Cdt2 can bind p21
independently of PCNA association (Fig. 5D).

To determine if the PIP-box of p21 is required for its in
vivo ubiquitylation, we expressed wild-type p21 or PIP-
box mutant p21 along with HA-ubiquitin and Flag-Cdt2.
We observed that the in vivo ubiquitylation of wild-type
p21 was significantly greater than the ubiquitylation of
the p21 PIP-box mutant (Fig. 5E). This suggests that p21
ubiquitylation depends on PCNA binding, providing a
mechanistic link between the CRL4Cdt2-mediated degra-
dation of the two substrates Cdt1 and p21, with both
ubiquitylation reactions dependent on interaction with
PCNA.

p21 is required for the rereplication induced
upon inactivation of CRL4Cdt2

We observed that Cdt2 siRNA treatment of HeLa cells
induces rereplication, producing increased numbers of

cells with DNA content greater than 4C (Fig. 6), similar
to what has been reported previously (Jin et al. 2006).
Notably, Skp2 siRNA did not produce cells with DNA
content greater than 4C, and coinactivation of Cdt2 and
Skp2 did not increase the percentage of cells with greater
than 4C DNA content beyond that of Cdt2 siRNA alone
(Fig. 6). Thus, Cdt2 is required to prevent DNA rerepli-
cation in HeLa cells, while Skp2 does not significantly
contribute to the prevention of overreplication. Strik-
ingly, the rereplication observed with both Cdt2 knock-
down and the coknockdown of Cdt2 and Skp2 was abol-
ished upon coinactivation of p21 (Fig. 6). Thus, p21 is
essential for the rereplication that occurs when Cdt2 is
inactivated.

CRL4Cdt2 and SCFSkp2 redundantly promote Cdc6
nuclear export in a p21-dependent manner

In C. elegans, CUL4 promotes the nuclear export of the
replication-licensing factor CDC-6 by negatively regulat-
ing the levels of CKI-1, which allows CDKs to phos-
phorylate CDC-6 and induce its nuclear export (Kim et
al. 2007). Based on our observation that CRL4Cdt2 targets
the degradation of p21, we wanted to determine if the
regulation of p21 levels would similarly control Cdc6
nuclear export in humans. We followed the subcellular
localization of endogenous Cdc6 in HeLa cells using im-

Figure 5. CRL4Cdt2-mediated ubiquitylation of
p21. (A) Overexpressing Cdt2 and Skp2 stimulates
the in vivo ubiquitylation of endogenous p21 in
HeLa cells. Flag-Cdt2 and Flag-Skp2 were coex-
pressed with HA-ubiquitin (noted at the top). Endog-
enous p21 was immunoprecipitated from whole-cell
lysate under denaturing conditions (0.1% SDS), fol-
lowed by anti-HA and anti-p21 immuno-
blotting. Note that the lysates were probed with
anti-Cdt2 and anti-Skp2 antibodies to show total
Cdt2 and Skp2 levels, both endogenous and overex-
pressed. Lane 2 shows a total Cdt2 level that is 1.7-
fold that of the control lane and a higher-molecular-
weight HA-ubiquitin signal that is 2.8-fold that of
the control lane. The level of Flag-Cdt2 and Flag-
Skp2 proteins in lanes 2 and 3 were suppressed rela-
tive to lane 4 by coexpression with the empty vector
pEGFP-N1 (included in the first three transfections).
(B) In vitro ubiquitylation of p21 by the CRL4Cdt2

complex. Flag-Cdt2 and nontagged p21 were coex-
pressed in HEK293T cells in the presence of MG132.
The CRL4Cdt2 complex (with associated overex-
pressed p21) was immunoprecipitated with
anti-Flag antibody, and used in an in vitro ubiqui-
tylation reaction. p21 was subsequently immuno-
precipitated under denaturing conditions (0.1%
SDS), followed by immunoblotting for HA-ubiquitin
and p21. (C) Coimmunoprecipitation of PCNA withMyc-p21 in HEK293T cells. The transgenes noted were coexpressed and Flag-Cdt2
was immunoprecipitated. Western blots with antibodies to the indicated proteins were performed to assess coimmunoprecipitation.
(D) Both wild-type and PIP-box mutant p21 immunoprecipitate with Flag-Cdt2 from a chromatin fraction of HeLa cells. Note that
PCNA efficiently coprecipitated with Flag-Cdt2 in the presence of overexpressed wild-type p21 but not PIP-box mutant p21. (E)
Wild-type p21 is more efficiently ubiquitylated in vivo than PIP-box mutant p21 upon cotransfection with Flag-Cdt2 in HeLa cells.
Transfected p21 was immunoprecipitated from a nuclear fraction under denaturing conditions, followed by anti-HA and anti-p21
immunoblotting. Asterisks mark nonspecific bands.

Kim et al.

2512 GENES & DEVELOPMENT



munofluorescence with anti-Cdc6 antibody. Cells were
costained with anti-Cyclin A antibody to mark cells in
S/G2 phase. In the control siRNA population, Cdc6 is
predominantly nuclear localized in Cyclin A-negative
cells (G1 phase), while Cdc6 is primarily cytoplasmic in
Cyclin A-positive cells (S/G2 phase), indicating that the
majority of Cdc6 is exported to the cytoplasm during S
phase (Fig. 7A,B; data not shown). The majority of Cdt2
siRNA cells have cytoplasmic-localized Cdc6 during
S/G2 phase, although an increased percentage of cells
exhibit equal distributions of nuclear and cytoplasmic
Cdc6. The percentage of the total cellular Cdc6 signal
that is nuclear-localized upon Cdt2 knockdown is mod-
estly higher than in control GFP knockdown cells
(31 ± 1.8% vs. 25 ± 1.7%; P = 0.05, Student’s t-test). Skp2
knockdown led to a greater reduction in Cdc6 nuclear
export, with over half the cells showing equivalent levels
of nuclear and cytoplasmic Cdc6 (Fig. 7A,B). Strikingly,
when Cdt2 and Skp2 were inactivated together, a major-
ity of Cyclin A-positive cells exhibited nuclear-localized
Cdc6, indicating an almost total failure of Cdc6 nuclear
export (Fig. 7A,B). Therefore, both Cdt2 and Skp2 are
redundantly required to allow Cdc6 nuclear export dur-
ing S phase.

We hypothesized that the failure to degrade p21 upon
inactivating both Cdt2 and Skp2 contributed to the
block on Cdc6 nuclear export during S phase. Knock-
down of p21 by itself has no effect on the subcellular
distribution of Cdc6 relative to control cells (data not
shown). To test if p21 was required for the failure of
Cdc6 nuclear export in Cdt2 and Skp2 double-knock-
down cells, we coinactivated p21, Cdt2, and Skp2. West-
ern blotting demonstrated the high efficiency of the

triple siRNA knockdown (Fig. 7C). As we hypothesized,
coinactivation of p21 with Cdt2 and Skp2 markedly in-
creased the percentage of Cdc6 that was cytoplasmic-
localized in S/G2-phase cells, indicating that p21 is re-
quired for the block on Cdc6 nuclear export (Fig. 7A,B).
We note that the p21, Cdt2, Skp2 triple-knockdown cells
retain higher nuclear Cdc6 levels than Cdt2 knockdown
cells even though the triple-knockdown cells do not un-
dergo rereplication while a substantial percentage of
Cdt2 knockdown cells rereplicate. This suggests that in-
creased Cdc6 nuclear localization is not sufficient to ex-
plain how p21 contributes to rereplication, and implies
that the presence of p21 in S-phase cells deregulates ad-
ditional replication-licensing pathway(s).

Discussion

In this study, we identified the C. elegans WDXR motif
protein CDT-2 as an SRS for a CRL4 E3 complex that
targets the CDK inhibitor CKI-1 and the replication-li-
censing factor CDT-1 for degradation. CDT-2 can bind to
both CKI-1 and CDT-1 and negatively regulate their pro-
tein levels in C. elegans. CDT-2 also promotes the ubiq-
uitylation of CKI-1 when expressed in mammalian cells.
We extended our findings by demonstrating that the hu-
man CRL4Cdt2 complex has a conserved function in tar-
geting the degradation of the CDK inhibitor p21Cip1. In-
activation of Cdt2 in HeLa cells causes a significant in-
crease in p21 levels, but does not affect the levels of the
related CDK inhibitors p27Kip1 and p57Kip2. Cdt2 over-
expression stimulates the in vivo ubiquitylation of p21.
The CRL4Cdt2 complex binds p21 in vivo and can ubiq-

Figure 6. Cdt2 siRNA induces increased DNA content, which is reversed by p21 siRNA. Flow cytometry profiles of DNA content
of HeLa cells transfected with the indicated siRNAs. Pools of four siRNA were used with the exception of the third graphs from the
left, which used individual siRNAs. The increase in DNA content upon Cdt2 knockdown was observed in siRNA treatments with the
Cdt2 siRNA pool and two different individual Cdt2 siRNAs that were tested (#1 and #2), and the block on rereplication by coinac-
tivation of p21 was observed with the p21 siRNA pool and two different individual p21 siRNAs that were tested (#1 and #2) (above; data
not shown). The percentages of cells in each cell cycle phase are provided for each graph. (G0/G1) 2C DNA content; (S) 2C < × < 4C;
(G2/M) 4C; and >4C. Control GFP siRNA cells had a DNA distribution that was similar to that of p21 siRNA: (G0/G1) 62.4%; (S,)
22.5%; (G2/M) 13.3%; and (>4c) 1.9%. The position of 2C and 4C are noted by triangles at the bottom of each graph.
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uitylate p21 in vitro. Therefore, we propose that p21Cip1

is a direct substrate of the CRL4Cdt2 E3 complex.
The CDK inhibitor p21 has a central role as an effector

of cell cycle arrest when it is transactivated by the p53
tumor suppressor protein in response to DNA damage
(Besson et al. 2008). While p21 is primarily considered an
inhibitor of CDK/cyclin complexes, it also has CDK-in-
dependent functions involving the regulation of the cy-
toskeleton, transcription, and apoptosis (Besson et al.
2008). During the cell cycle, p21 levels are high in G1
phase, decrease significantly during S phase, and increase
again during G2 phase (Dulic et al. 1998; Amador et al.
2007). p21 has been shown to undergo proteasome-me-
diated degradation through the actions of a number of
E3s: SCFSkp2, MDM2, MDMX, and APC/CCdc20 (Yu et al.
1998; Carrano et al. 1999; Jin et al. 2003, 2008; Amador
et al. 2007). APC/CCdc20 targets the degradation of p21
during prometaphase (Amador et al. 2007). MDM2
and MDMX promote the proteasomal turnover of p21
predominantly in G1 and early S phases (Jin et al. 2008).
SCFSkp2 has been shown to target p21 degradation in
S-phase cells (Bornstein et al. 2003); however, our study

suggests that this degradation is not restricted to S phase.
In contrast, we observed that CRL4Cdt2-mediated degra-
dation of p21 occurs primarily in S phase.

We showed that the in vivo ubiquitylation of p21 by
CRL4Cdt2 is dependent on p21 binding to PCNA. The
binding of Cdt1 to chromatin-associated PCNA has been
proposed as a mechanism to ensure that Cdt1 degrada-
tion is S-phase-specific (Arias and Walter 2006; Senga et
al. 2006), and a similar mechanism may explain the S-
phase specificity of the CRL4Cdt2-mediated p21 degrada-
tion. The significance of the PCNA–p21 interaction is
underlined by the independent discovery that CRL4Cdt2

targets p21 degradation in response to DNA damage in a
PCNA-dependent manner (T. Abbas and A. Dutta, pers.
comm.).

The observation that the CRL4Cdt2-mediated degrada-
tion of both Cdt1 and p21 substrates is PCNA-dependent
suggests that Cdt2 may have evolved to specifically tar-
get substrates in the context of PCNA binding. It is pos-
sible that CRL4Cdt2-mediated ubiquitylation in response
to PCNA binding will be a general mechanism for de-
grading S-phase substrates, analogous to the degradation

Figure 7. Cdc6 is exported from the nucleus during S phase in a p21-dependent manner. (A) HeLa cells were transfected with the
indicated siRNA pools and examined by immunofluorescence with anti-Cdc6 and anti-Cyclin A antibodies. Similar Cdc6 subcellular
distributions were obtained with individual siRNAs for Cdt2 (#1 and #2), Skp2 (#1), and p21 (#1 and #2) (data not shown). (B)
Quantification of immunofluorescence images of Cyclin A-positive cells from the experiment in A. Graph bars represent the per-
centage of cells with predominantly cytoplasmic Cdc6 staining; equal nuclear and cytoplasmic staining; or predominantly nuclear
staining. The number ± SEM given below each condition is the percentage of total Cdc6 signal per cell that is nuclear localized within
the S/G2-phase cells. (C) Western blot of protein extract from double and triple siRNA cells to reveal the efficiency of siRNA
knockdown.
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of mitotic substrates by APC/C. The most obvious can-
didates for this regulation are the numerous identified
PCNA-binding proteins (Moldovan et al. 2007). p21 has
previously been shown to bind PCNA, and this interac-
tion was suggested as a mechanism to inactivate PCNA
after DNA damage (Waga et al. 1994). The PCNA–p21
interaction has recently been shown to promote the tar-
geting of DNA repair proteins to sites of DNA damage
(Cazzalini et al. 2008; Masih et al. 2008). However, the
role of PCNA–p21 interaction in normal cell cycle pro-
gression had not been determined (Moldovan et al. 2007).
Our results suggest that the interaction of PCNA and p21
during S phase promotes p21 degradation to allow the
proper temporal regulation of DNA replication licensing.

The inactivation of Cdt2 induces rereplication in HeLa
cells (Jin et al. 2006). Strikingly, we found that the rerep-
lication induced by Cdt2 knockdown is abolished by the
coinactivation of p21. Although both CRL4Cdt2 and
SCFSkp2 target the degradation of Cdt1 and p21, there are
clear differences in the relevance of the two E3 com-
plexes for the prevention of DNA rereplication. Inacti-
vation of Cdt2 induces substantial rereplication, while
inactivation of Skp2 does not produce rereplication. It is
possible either that CRL4Cdt2 and SCFSkp2 target differ-
ent subpopulations of Cdt1 and p21, or that there are
additional targets of CRL4Cdt2 whose degradation re-
strains DNA replication licensing.

In C. elegans, the failure to export Cdc6 during S phase
in cul-4 mutants is directly linked to the rereplication
phenotype (Kim et al. 2007). In HeLa cells, inactivating
either Cdt2 or Skp2 alone produces only partial effects
on Cdc6 nuclear export during S phase. However, coin-
activation of both Cdt2 and Skp2 produces an almost
complete block on Cdc6 nuclear export, indicating that
the nuclear export is redundantly controlled by the two
E3 ligases. The coinactivation of p21 with Cdt2 and Skp2
partially suppresses the Cdc6 nuclear export defect, sug-
gesting that CRL4Cdt2 and SCFSkp2 regulate Cdc6
nuclear export, at least in part, via degradation of p21.

In vertebrates, it has not been determined whether the
nuclear export of Cdc6 inhibits its activity during S
phase because a substantial fraction of endogenous Cdc6
remains in the nucleus throughout S phase (Kim and
Kipreos 2008). Our results do not clarify this issue, as we
observed rereplication in Cdt2 knockdown cells in
which there was only a modest increase in Cdc6 nuclear
retention; and so it is not clear if the limited increase in
nuclear Cdc6 allowed the rereplication or whether the
increase was immaterial. However, we can conclude that
Cdc6 nuclear retention is not sufficient to explain how
p21 promotes rereplication. This is based on the obser-
vation that while coinactivation of p21 with Cdt2 and
Skp2 blocks rereplication, these triple-knockdown cells
have higher nuclear Cdc6 levels than Cdt2 single-knock-
down cells, which undergo rereplication. Therefore, an
elevated level of nuclear Cdc6 is not sufficient to induce
rereplication in the absence of p21 in Cdt2 and Skp2
double-knockdown cells. This implies that p21 pro-
motes rereplication through additional pathways beyond
its effect on Cdc6 localization.

The increased level of p21 in Cdt2 knockdown cells
may promote rereplication either by inhibiting CDK/cy-
clin activity or through CDK-independent mecha-
nism(s). CDK/cyclin activity has been shown to inhibit
the reinitiation of DNA replication during S phase in a
number of eukaryotes (Arias and Walter 2007; Kim and
Kipreos 2008). In budding yeast, CDK/cyclins block pre-
RC formation through at least three pathways: induction
of Cdc6 degradation, inactivation of ORC components,
and the nuclear export of the Mcm2–7 helicase (Nguyen
et al. 2001). In mammalian cells, siRNA knockdown of
both CDK1 and CDK2 induces rereplication, suggesting
that CDK activity is an essential aspect of restricting
replication licensing (Machida and Dutta 2007). How-
ever, the relevant mammalian CDK/cyclin targets have
not been identified, but may include Cdc6, whose sub-
cellular localization is regulated by CDK-mediated phos-
phorylation (Kim and Kipreos 2008). Our results imply
that Cdc6 cannot be the sole relevant target of CDK/
cyclins, and that other functional CDK/cyclin targets ex-
ist, whose phosphorylation prevents rereplication. The
additional mechanism(s) by which elevated p21 fosters
rereplication are not known, but could involve promot-
ing Cdt1 activity or more novel pathways to initiate pre-
RC reformation.

From an evolutionary perspective, it is striking that
the CRL4Cdt2 complex has been conserved as a master
regulator of DNA replication licensing. In both nema-
todes and humans, CRL4Cdt2 controls the licensing fac-
tor Cdt1 (via degradation) and the licensing factor Cdc6
(via localization). Further, in both species, CRL4Cdt2

catalyzes the degradation of a CDK inhibitor in order to
prevent the reinitiation of DNA replication. We propose
that actively reducing CDK inhibitor activity during S
phase is a central mechanism among metazoa for the
prevention of DNA rereplication. Our results suggest
that in humans, the degradation of p21 in S-phase cells
performs this role.

Materials and methods

C. elegans analysis

The strains used were as follows: N2, wild type; ET341, unc-
119(ed4); ekEx23[pPD95.75/Pwrt-2�CDT-1�GFP + pPD95.67/
Prnr-1�tdTomato + pRF4]; syIs78[AJM-1�GFP + unc-119(+)].
RNAi was performed using the feeding RNAi protocol as de-
scribed (Kamath et al. 2001). L4-stage larvae were placed on
RNAi and their progeny were analyzed. cdt-2 RNAi was per-
formed with E. coli strain HT115 containing plasmid
pPD129.36/cdt-2, which contains a full-length cdt-2 cDNA
situated between double T7 promoters. RNAi depletion of the
following WDXR genes were analyzed by anti-CKI-1 immuno-
fluorescence: D2030.9, F47D12.9, F53C11.7, R11D1.1, T01C3.1
(cdt-2), Y73E7A.9, ZK430.7, and ZK1251.9. Anti-CKI-1 immu-
nofluorescence and quantitation of DNA content were per-
formed as described (Kim and Kipreos 2007b). The isolation of
larvae at set times post-hatch for the observation of CDT-
1�GFP in seam cells in G1 or S phase was performed as de-
scribed (Zhong et al. 2003).
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Yeast two- and three-hybrid assays

For two-hybrid analysis, the full-length cul-4, ddb-1, cdt-2, cki-
1, and cdt-1 cDNAs were cloned into the vectors pACT2 (which
encodes GAL4 activation domain fusion) and pAS2 (encodes
GAL4 DNA-binding domain fusion) (Clontech). Plasmids were
transformed into the Saccharomyces cerevisiae strain pJ69-4A
(James et al. 1996) using standard procedures (Ausubel et al.
1995). Interaction in the two-hybrid system was assayed on his-
tidine-deficient selective media containing 1 mM 3-amino-
1,2,4-triazole (3-AT, Sigma). For three-hybrid tests, cdt-2 and
ddb-1 cDNAs were cloned into the pYES2 vector (Invitrogen), in
which the gene of interest is under the control of the GAL1
promoter. Two-hybrid bait and prey plasmids as well as the
pYES2 construct were cotransformed into pJ69-4A. Interaction
in the three-hybrid system was determined on histidine-defi-
cient selective media containing 1 mM 3-AT in the presence of
2% glucose or galactose.

Expression constructs

To express Flag-tagged proteins in mammalian systems, cDNAs
of human Cdt2 and C. elegans cki-1 were cloned into pCMV-
Tag2 (Stratagene). For Myc-tagged proteins, cDNAs of human
p21 and p27 were cloned into pCS3-MT (Hallier et al. 1998), and
the C. elegans cdt-2 cDNA was cloned into pcDNA3.1/Myc-His
(Invitrogen). The expression constructs pcDNA3/FlagSkp2
(Bashir et al. 2004), pCMV/HA-UB (Furukawa et al. 2005),
p3XFlag-CMV10/Hs Cdt2 (Higa et al. 2006b), pCS2/p21 (Sheaff
et al. 2000), and pGLUE-hDDB1 (Angers et al. 2006) were gifts
from M. Pagano, Y. Xiong, H. Zhang, B. Clurman, and S. Angers,
respectively. The PIP-box in p21 was mutated by overlapping
PCR mutagenesis (Mikaelian and Sergeant 1992) to convert the
PIP-box sequence (QTSMTDFY) to eight alanine residues.

Mammalian cell culture

HeLa and HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (GIBCO-BRL). For expression in HeLa and HEK293T
cells, expression constructs were transfected using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s in-
structions. Flag-Cdt2 and wild-type p21 were expressed in an
HEK293T cell line stably expressing TAP-DDB1. To isolate
HEK293T cell lines stably expressing TAP-DDB1, cells were
transfected with pGLUE-hDDB1, and selected in a medium con-
taining 0.7 µg/mL puromycine (Sigma). For the study of p21
protein turnover, HeLa cells were treated with GFP or Cdt2
siRNA and then incubated with 2.5 mM HU (Sigma) for 19 h,
and with the proteasome inhibitor MG132 (Sigma) for the last 7
h of the HU incubation. At time 0, HU and MG132 were re-
moved from the culture media, and 25 µg/mL cycloheximide
(Sigma) was added. For the analysis of p21 levels upon cell cycle
entry, HeLa cells were serum-starved for 54 h by incubation in
DMEM containing 0.02% fetal calf serum (FCS) in order to in-
duce G0 entry. Cells were transfected with GFP or Cdt2 siRNA
for the last 18 h of the serum starvation. At time 0, cells were
stimulated with 15% FCS plus a second siRNA transfection. At
set time points, cells were harvested for Western blot analysis.

Antibodies, immunofluorescence, and immunoprecipitation

For Western blots, whole-cell lysates were prepared by treating
with NP-40 buffer: 1% or 0.5% NP-40, 0.15 M NaCl, 10 mM
Sodium phosphate (pH 7.5), 10% glycerol, Protease Inhibitor
Cocktail (Roche), 2 mM DTT, 1 mM EDTA, and 15 µM MG132.

Monoclonal antibodies used were anti-p21 (Upstate Biotech-
nologies), anti-Cdc6 (DCS-180, Upstate Biotechnologies), anti-
Myc (9E10, Covance), anti-Flag (M2, Sigma), anti-Cyclin A (Ab-
6, Thermo Scientific), anti-Cyclin B1 (GNS1, Santa Cruz Bio-
technologies), and anti-�-tubulin (DM1A, Sigma). Rabbit
polyclonal antibodies used were anti-Cdt2 (Bethyl Laborato-
ries), anti-Skp2 (H-435, Santa Cruz Biotechnologies), anti-p27
(Upstate Biotechnologies), anti-p57 (Upstate Biotechnologies),
anti-Cyclin A (H-432, Santa Cruz Biotechnologies), anti-CUL4
(H-66, Santa Cruz Biotechnologies), anti-PCNA (PC10, Santa
Cruz Biotechnologies), and anti-HA (ab9110, Abcam). For im-
munofluorescence, HeLa cells were fixed in 4.0% paraformal-
dehyde in PBS for 10 min at room temperature, washed twice
with 0.4% Triton X-100 in PBS, and stained with monoclonal
anti-Cdc6 (1:100) and rabbit polyclonal anti-Cyclin A (1:250).
Anti-mouse Alexa-Fluor 488 (Molecular Probes) and anti-rabbit
Alexa-Fluor 546 (Molecular Probes) were used as secondary an-
tibodies. Alternatively, cells were stained with monoclonal
anti-Cdc6 (1:100) and monoclonal anti-Cyclin A (1:40) using the
Zenon Mouse Tricolor IgG1 labeling kit (Invitrogen). DNA was
stained with 1 µg/mL Hoechst 33258 dye (Sigma). Immunoflu-
orescence images were taken with the same exposure times and
the images were processed identically using Adobe Photoshop
software. Quantitation of nuclear and total immunofluores-
cence signal was performed with OpenLab software (version 5.0;
Improvision). For the quantitation of Cdc6 localization in Figure
7B, 21–23 cells were analyzed for each condition.

Immunoprecipitation using anti-Myc and anti-Flag antibod-
ies was performed as described (Kim and Kipreos 2007b). The
purification of TAP-tagged DDB1 with associated proteins was
modified from Angers et al. (2006). Briefly, HEK293T cells sta-
bly expressing TAP-DDB1 were cultured in a six-well plate and
transfected using Lipofectamine 2000. After an 8-h incubation
at 37°C, cells were treated with 2.5 mM HU and 10 µM MG132,
and then harvested after an additional 10 h of incubation at
37°C. Whole-cell lysates were prepared with NP-40 buffer. Cell
extracts were incubated at 4°C with 20 µL of packed streptavi-
din resin (Amersham); the resin was washed, and associated
proteins were analyzed by Western blot using the ECL Advance
chemiluminescence kit (Amersham). The immunoprecipitation
of Flag-Cdt2 shown in Figure 5D was performed from a chro-
matin fraction of HeLa cells, prepared essentially as in Sar-
cinella et al. (2007), except that micrococcal nuclease (Sigma)
treatment of nuclei was for 2 min at 37°C, and the nuclear
extract was further prepared by osmotic lysis of nuclei. Deter-
mining the intensity of Western blot protein bands was per-
formed with unsaturated images, and involved subtracting the
mean background signal and standardizing to the level of �-
tubulin in the same sample.

siRNA and cell cycle analysis

The following ON-TARGETplus siRNAs were generated by
Dharmacon (overhanging bases are in lowercase): siGFP,
GCUGACCCUGAAGUUCAUCUGdTdT; siCdt2(#2), GAAU
UAUACUGCUUAUCGAuu; siCdt2(#3), GCGCUUGAAUAGA
GGCUUAuu; siCdt2(#4), GUCAAGACCUGGCCUAGUAuu;
siCdt2(#5), ACUCCUACGUUCUCUAUUAuu; siSkp2(#1), GC
AUGUACAGGUGGCUGUUuu; siSkp2(#2), UGUCAAUACU
CUCGCAAAAuu; siSkp2(#3), UCGGUGCUAUGAUAUAA
UAuu; siSkp2(#4), GGUAUCGCCUAGCGUCUGAuu; siSkp2(#5),
GGAUGUGACUGGUCGGUUGuu; sip21(#1), CUUCGACUU
UGUCACCGAGuu; sip21(#2), AGACCAGCAUGACAGAUU
Uuu; sip21(#3), CGACUGUGAUGCGCUAAUGuu; sip21(#4),
CCUAAUCCGCCCACAGGAAuu; and sip21(#5), CGUCAG
AACCCAUGCGGCAuu. The Cdt2(#1) siRNA, CAAUGGACA
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CCAGAACUCUACCUUUdTdT, was generated by Invitrogen.
ON-TARGETplus SMARTpools of siRNAs (comprised of indi-
vidual siRNAs #2–#5) were used for Cdt2, Skp2, and p21 knock-
downs in all experiments except Figure 3E, which used indi-
vidual Cdt2(#1) siRNA. Both pooled and individual siRNAs
were used for the experiments in Figures. 3B, 6, and 7A, for
which the individual siRNAs gave results that were similar to
the pooled siRNAs. siRNA SMARTpools were transfected once
at 100 nM (individual siRNAs in each pool were at 25 nM), and
individual (nonpool) siRNAs were transfected two or three
times sequentially at 100 nM. siRNAs were transfected with
Oligofectamine (Invitrogen) according to the manufacturer’s in-
structions. HeLa cells were analyzed 60 h after transfection. For
flow cytometry to determine DNA content, HeLa cells were
fixed with 70% ethanol and stained with 0.5 mg/mL propidium
iodide and 20 µg/mL RNAse A (Sigma). Propidium iodide-
stained cells were analyzed using a FACSCalibur flow cytome-
ter (Beckton-Dickinson), and the cell cycle phase distributions
were determined with ModFit software (Verity).

Ubiquitylation assays

In vivo and in vitro ubiquitylation assays were performed es-
sentially as described (Starostina et al. 2007). For in vivo ubiq-
uitylation assays, Flag-Cdt2 and Flag-Skp2, or C. elegans Myc-
CDT-2 and Flag-CKI-1, were coexpressed in HeLa cells (six-well
plates) with HA-ubiquitin for 18 h. To prevent premature deg-
radation of endogenous p21, HeLa cells were treated with 10 µm
MG132 8 h after plasmid transfection, and then harvested 10 h
after MG132 treatment. Lysates were prepared by boiling cells
with 1% SDS, then diluted 10-fold with buffer composed of 50
mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% NP-40, 1 mM DTT,
1 mM EDTA, Protease Inhibitor Cocktail, 50 µM LLnL, 10 mM
N-ethyl maleimide (Sigma), and 10 mM iodoacetimide (Sigma).
Endogenous p21 or Flag-CKI-1 was immunoprecipitated with
anti-p21 or anti-Flag monoclonal antibodies, respectively, and
analyzed by Western blot with anti-HA antibody for HA-ubiq-
uitin detection or with either anti-p21 or anti-Flag antibodies.
The in vivo ubiquitylation reaction of Figure 5E, which in-
volved coexpressing Flag-Cdt2 and nontagged wild-type or PIP-
box mutant p21, was performed as above, except the immuno-
precipitation was from a nuclear fraction that was isolated by
washing cells with buffer A (20 mM HEPES at pH 7.8; 10 mM
KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT,
1 mM EDTA) (Sarcinella et al. 2007), and then incubating cells
for 5 min in 4°C buffer A containing 0.2% Triton X-100, Prote-
ase Inhibitor Cocktail, 50 µM LLnL, 10 mM N-ethyl maleimide,
10 mM iodoacetimide, 15 µM MG132, and 50 µM LLnL. After
removing supernatant by low-speed centrifugation, nuclei were
washed in the same buffer without Triton X-100, then boiled
with 1% SDS in preparation for immunoprecipitation.

For in vitro ubiquitylation assays, 3xFlag-Cdt2 and p21 were
coexpressed in HEK293T cells for 48 h. Eight hours before har-
vesting, 10 µM of MG132 and 2.5 mM HU were added to the cell
culture. Cells were lysed with NP-40 Buffer supplemented with
1 mM Na3VO4, 100 µg/mL of DNase I (Roche), and 10 mM
MgCl2. Flag-Cdt2 was immunoprecipitated from cell lysates
with anti-Flag antibody in the presence of 10 mM EDTA and 2.5
mM o-phenanthroline. To each precipitated Flag-Cdt2 immu-
nocomplex, 20 µL of ubiquitylation reaction mix was added,
which contained 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 2 mM
sodium fluoride, 10 nM okadaic acid, 2 mM ATP, 0.6 µL of
energy regeneration solution (Biomol Int., LP), 0.6 mM DTT, 1
µg HA-ubiquitin (Boston Biochem), 100 ng E1 (Biomol Interna-
tional, LP), 400 ng E2-UbcH5a, 200 ng UbcH3 (Biomol Interna-
tional, LP), 2 µM ubiquitin aldehyde (Biomol International, LP),

and 15 µM MG132. Reactions were incubated for 90 min at
30°C and terminated by boiling with 1% SDS. p21 was second-
arily immunoprecipitated and analyzed by Western blot.
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