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Cdc10-dependent transcript 1 (Cdt1) is an essential DNA replication
protein whose accumulation at the end of the cell cycle promotes
the formation of pre-replicative complexes and replication in the
next cell cycle. Geminin is thought to be involved in licensing rep-
lication by promoting the accumulation of Cdt1 in mitosis, because
decreasing the Geminin levels prevents Cdt1 accumulation and
impairs DNA replication. Geminin is known to inhibit Cdt1 func-
tion; its depletion during G2 leads to DNA rereplication and check-
point activation. Here we show that, despite rapid Cdt1 protein
turnover in G2 phase, Geminin promotes Cdt1 accumulation by
increasing its RNA and protein levels in the unperturbed cell cycle.
Therefore, Geminin is a master regulator of cell-cycle progression
that ensures the timely onset of DNA replication and prevents
its rereplication.

In eukaryotic cells DNA replication occurs at a specific point of
the cell cycle known as S phase, which is flanked by two peri-

ods, G1 and G2, during which there is no replication or cell
division. The timing of S phase follows the formation of the pre-
replicative complexes (pre-RCs) on chromatin during the pre-
ceding G1 phase and the activation of the cyclin-dependent kinase
(CDK) and dumbbell forming 4 (Dbf4)-dependent kinase (DDK)
in S phase (1). Cdc10-dependent transcript 1 (Cdt1) protein is
indispensable for pre-RCs formation (2, 3); its levels fluctuate
during the cell cycle, being high in G1 phase, allowing pre-RC
formation, low in S phase, preventing pre-RC formation and im-
mediate reinitiation, and high again in G2 and mitosis, presumably
to prepare for G1 (3–5). Cdt1 activity is limited to G1 through the
control of its synthesis, degradation, and activity. The low level in
S phase is thought to result from targeted degradation (6–8),
whereas its higher level in G2 is thought to result from its stabi-
lization (9). However, the increase of Cdt1 in G2 poses a potential
risk in allowing rereplication, which could occur if there were
residual activity of the DNA-replicating enzymes in G2.
The control of Cdt1 levels also is a response to Geminin (4, 10),

an unstable protein present only in metazoans, which is targeted
for degradation by the anaphase-promoting complex (APC) (11).
Geminin has two putative roles in the cell cycle: inhibiting Cdt1
and promoting the accumulation of Cdt1 during mitosis. Both
Geminin and Cdt1 are expressed at high levels in G2, where
Geminin binds Cdt1 and prevents DNA rereplication (12–14). A
critical role of Geminin in regulating the accumulation of Cdt1
levels has been inferred by the observation that the depletion of
Geminin leads to decreased Cdt1 protein levels in mitosis (4)
and meiosis (10). However, it also has been suggested that
Geminin actively inhibits Cdt1, because depletion of Geminin in
G2 phase activates Cdt1 and causes DNA rereplication and,
consequentially, DNA damage (12). Because Cdt1 and cell
division cycle 6 (Cdc6) replication factors have been shown to be
degraded after DNA damage (15–19), the Cdt1 decrease upon
Geminin depletion simply may be an indirect consequence of
DNA rereplication.
In this paper we clarify the role of Geminin in regulating Cdt1

and show more clearly how APC contributes to the regulation of

the initiation of S phase and its duration. We show that although
Cdt1 protein accumulates in G2 phase, it still turns over very
quickly and that to produce high Cdt1 levels when cells exit
mitosis into G1, the accumulation in G2 must overcome degra-
dation. This regulation is a product of Geminin’s positive regu-
lation of Cdt1 protein and RNA in the preceding G2 phase.
Degradation of Cdt1 is not a consequence of DNA damage, be-
cause Cdt1 levels decrease upon Geminin depletion even in
presence of inhibitors of DNA synthesis. Metaphase unleashes
a precipitous degradation of Geminin via APC, leading to the
activation of Cdt1 in early G1 for pre-RC formation. Overall,
these results show that Geminin is a master regulator of DNA
replication in the cell cycle of metazoans, ensuring that each DNA
segment of the chromosome is replicated on time and only once
before each cell division.

Results
Cdt1 in G2 Phase Is Both Abundant and Unstable. It has been shown
previously that Cdt1 levels increase after S phase and that Cdt1
protein is stabilized during G2 phase (4, 9). However, the levels
of a protein are not necessarily related to its turnover rate.
Therefore, we measured the turnover of Cdt1 protein in G2
phase by treatment with the protein synthesis inhibitor cyclo-
heximide. We first synchronized U2OS cells in S phase by
a double thymidine block. We then released the cells and started
the cycloheximide treatment 8 h after the second thymidine re-
lease, when cells were still in S phase. We then collected cells for
the next 4 h with time points at every hour (Fig. 1A). As shown by
Western blot analysis, U2OS cells accumulate Cdt1 in G2, as
they exit S phase, 10 h after release from thymidine. As expected,
Cdt1 protein does not accumulate in G2 phase if the cells first
are treated with cycloheximide during S phase. When cells were
treated in parallel with a proteasome inhibitor, Cdt1 levels
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increased progressively during S and G2 phases (Fig. 1B), in-
dicating that Cdt1 protein is both synthesized and degraded.
Turnover continues in G2. Repeating the experiment with cy-
cloheximide and proteasome inhibitor treatments in G2 (Fig.
1C), we found that Cdt1 protein disappeared completely 1 h
after the addition of cycloheximide (Fig. 1D) but accumulated
when the proteasome is inhibited (Fig. 1D). In both experiments,
Geminin and cyclin A remain stable. These experiments show that
Cdt1 accumulates in theG2 phase of the cell cycle, but even inG2
it remains extremely unstable with a half-life of less than 30 min.

Geminin Acts Upstream of Cdt1, but Its Regulation Is Not Mediated by
DNA Damage and Replication. It is known that depletion of
Geminin blocks the accumulation of Cdt1 protein in mitosis (4)
and meiosis (10); at the same time Geminin depletion leads to
unscheduled DNA replication. Thus, it is a reasonable hypoth-
esis that the Geminin effects on the synthesis or degradation of
Cdt1 could be a consequence of DNA damage caused by rere-
plication induced by reactivation of Cdt1. To test whether
rereplication is the proximate cause of a reduction in Cdt1, we
depleted Geminin in G2 phase in the presence of the DNA
synthesis inhibitor aphidicolin, a specific inhibitor of DNA pol-
ymerases α and δ. We synchronized U2OS cells with a double
thymidine block and treated them during S phase with siRNA for
Geminin, using an adaptation of a previously developed protocol
(Fig. S1A) (4). The cells then were optionally treated at the S/G2
transition with aphidicolin and were arrested at end-G2/M with
nocodazole. Both end-G2 and mitotic cells were collected, as
previously described (4). After Western blot analysis, we ob-
served that in both G2 and M phase Geminin depletion reduced
Cdt1 levels to the same degree in the presence or absence of
aphidicolin (Fig. 2 A and B). To confirm that the decrease of
Cdt1 levels upon Geminin depletion is not caused by rereplica-
tion, we performed a similar experiment using thymidine (20)
and assayed Cdt1 levels at mitosis. We again adapted a previous
protocol (4) in which we synchronized U2OS cells with a double
thymidine block and then released them for 10 h to let them
enter the G2 phase. At this point, we treated cells with control
siRNA or Geminin siRNA and in one case blocked replication
with a third thymidine treatment. We then incubated the cells for
14 h to allow the depletion of Geminin before harvesting the
mitotic cells by manual shake-off (Fig. S1B). There was no sig-
nificant difference in the number of cells in mitosis, a sign that
these treatments did not cause changes in cell-cycle progression.

By Western blot the decrease of Cdt1 protein levels upon siRNA
for Geminin was unchanged when DNA replication was inhibi-
ted (Fig. 2C). Furthermore the levels of Cdc6, which previously
had been shown to decrease upon DNA damage (15, 16), and of
Cdc7 remained unchanged upon Geminin depletion (Fig. 2C).
These results suggest that depletion of Geminin leads to a de-
crease of Cdt1 independently of DNA rereplication. Moreover,
the stability of Cdc6 and cell division cycle 7 (Cdc7) proteins
suggests that any DNA rereplication in these experimental
conditions is unlikely to have caused significant levels of DNA
damage. These experiments therefore suggest that Geminin
regulates Cdt1 in the normal cell cycle.

Geminin Is a Positive Regulator of Cdt1 mRNA. The most obvious
way Geminin would regulate the increase in Cdt1 levels in G2
and mitosis is by stabilizing Cdt1 against degradation, consider-
ing that Geminin inhibits the polyubiquitination of Cdt1 (4).
However, it also is possible that Geminin could achieve the same
result by a positive action on Cdt1 synthesis. We therefore asked
if Geminin expression affects the levels of Cdt1 RNA. We
treated U2OS cells with siRNA for Geminin or, as a control,
with Cdt1 for 48 h and evaluated Cdt1 RNA levels by quanti-
tative RT-PCR. Upon depletion of Geminin, Cdt1 RNA de-
creased more than twofold (Fig. 3A). Given that the cell-cycle
progression is altered when cells are treated with siRNA for
Geminin for long periods (21, 22), we performed shorter siRNA
treatments to avoid changes in the cell cycle. We used the pro-
tocol previously developed to treat cells with siRNA in S/G2
phase and to arrest them at the end of the G2 phase or mitosis of
the same cell cycle (Fig. S2A) (4). U2OS cells were treated with
siRNA for Geminin or with Cdt1, as a control, in S/G2 phase;
then we measured the RNA levels of Cdt1 in G2 or mitosis (Fig.
3B). Again, we observed that Geminin depletion reduced Cdt1
RNA by approximately twofold in both G2 phase and mitotic
cells and that these reductions correlated with similar reductions
of the protein (Fig. 3C). To ask if an increase in Geminin levels
would have the opposite effect, we used a cell line stably over-
expressing full-length Geminin (4); we performed the same type
of synchronization to harvest cells at the end of G2 phase or
mitosis. As a control, we treated cells with siRNA for Geminin
following the same protocol as before (Fig. S2A). We observed
that when Geminin protein was overexpressed, Cdt1 RNA in-
creased approximately twofold in G2 cells and 2.5-fold in mitotic
cells (Fig. 3D). Interestingly, when a Geminin mutant unable to
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Fig. 1. Cdt1 is abundant in G2 phase but is highly unstable. (A) Schematic of the experiment. (B) U2OS cells were synchronized by double thymidine
treatment and then were released for the indicated times. At 8 h after release (i.e., at the end of S phase) cells were left untreated or were treated with either
cycloheximide (CHX) or carbobenzoxy-Leu-Leu-leucinal (MG132). Western blotting analysis for the indicated proteins is shown. APC2 protein was used as
loading control. As, nonsynchronized cells; Thy, cells arrested in S phase. (C) Schematic of the experiment. (D) U2OS cells were synchronized by double
thymidine treatment and then were released for the indicated times. At 11 h after release (i.e., in early G2 phase) cells were left untreated or were treated
with either cycloheximide or MG132. Western blotting analysis for the indicated proteins is shown. APC2 protein was used as loading control.
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associate with itself and with Cdt1 (4, 23, 24) was stably over-
expressed in place of the wild type, we detected no change in the
RNA and protein levels of Cdt1 (Fig. 3D). As expected, cells
treated with siRNA for Geminin had reduced levels of RNA for
Cdt1 (Fig. 3D). We then measured Cdt1 RNA along the cell
cycle. To this purpose, we synchronized U2OS cells in S and G2
phases as described in Fig. S2B. We noticed that, like two other
replication factors, Cdc6 and mini chromosome maintenance 6
(Mcm6), Cdt1 RNA decreased approximately twofold in G2

phase (Fig. 3E). In the same experiment we also tested if de-
pletion of Geminin also leads to Cdt1 RNA reduction in S-phase
and in G2-phase cells that are not nocodazole-arrested. We indeed
observed that Geminin depletion led to an almost twofold re-
duction of Cdt1 RNA levels in both S phase and G2 phase; Cdc6
RNA and Mcm6 RNA, on the contrary, did not decrease in S
phase and decreased only slightly in G2 phase (Fig. 3F). In the
same experiment we also tested if Geminin has an effect on the
stability of Cdt1 RNA. To this purpose, we used the transcription
inhibitor Actinomycin D. We treated cells at early S phase (Fig.
S2B) with Actinomycin D and collected time points in mid-S
phase and G2 phase. We noticed that Geminin depletion in-
creased the rate of reduction of Cdt1 RNA, particularly after the
inhibition of transcription (Fig. 3G). In particular, Cdt1 mRNA
levels decreased less than 10% during the first 3 h of the time
course with Actinomycin D but decreased nearly 45% when
Geminin was depleted. Moreover, we noticed that the levels of
Cdt1 RNA during S and G2 phases were little affected by Ac-
tinomycin D, suggesting that during S–G2 progression the syn-
thesis of new Cdt1 RNA is modest. Overall these results show
that although Geminin also may regulate RNA levels of other
replication factors, it clearly has a more dramatic role in the
regulation of RNA of Cdt1. Indeed, Geminin positively regulates
the RNA levels of Cdt1 in S phase, G2 phase, and mitosis. These
results also suggest that Geminin may need to bind to Cdt1 to
regulate Cdt1 RNA. Furthermore, these results indicate that one
of the mechanisms by which Geminin regulates Cdt1 RNA is by
partial stabilization.

Geminin Affects Cdt1 Stability in G2 Phase and Mitosis.Although the
effects of Geminin on the polyubiquitination of Cdt1 have been
demonstrated (4), the effect of Geminin on Cdt1 stability had
not been established directly. We first checked to see if there is
a positive correlation between the levels of Geminin and the
level of Cdt1 protein. Because we already knew that Cdt1 levels
decrease when Geminin levels decrease, we asked if this corre-
lation also holds when Geminin is overexpressed. Using the same
protocol we used for the RNA (Fig. 3D), we observed that Cdt1
increased both in G2 phase and mitosis when Geminin protein
levels increased (Fig. 4A). To confirm that Geminin increase
amplifies Cdt1 protein levels, we also overexpressed a stable
version of Geminin (4, 11) in HeLa cells. We then synchronized
the cells in G1 phase (when Geminin normally is degraded) and
measured the stability of Cdt1 protein during this phase. To this
purpose, we treated the cells with cycloheximide for 30, 60, and
90 min. After Western blotting, we observed that in cells over-
expressing Geminin the half-life of Cdt1 protein increased about
twofold (Fig. 4B). To ask if Geminin also affects the turnover of
Cdt1 protein, we measured the stability of Cdt1 protein after
Geminin depletion. We synchronized U2OS cells in mitosis to
compare cells at exactly the same phase of the cell cycle and
treated the mitotic cells with cycloheximide. We noticed that the
half-life of Cdt1 protein is increased in mitotic-arrested cells, as
observed previously (25); Cdt1 has half-life of about 150 min in
control cells, but when Geminin is depleted, Cdt1 has a half-life
of less than 100 min. Mcm6 stability, on the contrary, was not
affected by Geminin depletion (Fig. 4C). We then used another
protein-synthesis inhibitor, puromycin, to confirm these results.
This time we also collected G2 cells, and we extended the treat-
ment with the protein-synthesis inhibitor. After Western blot
analysis, we noticed again that Cdt1 is unstable during mitosis
(with a half-life longer than 2 h) and that depletion of Geminin
decreased the stability of Cdt1 (leading to a half-life shorter than 2
h). We also measured the protein levels of other cell-cycle regu-
lators. Although Cdc6 and Mcm6 were stable during the mitotic
time course, cyclin B was unstable. Most important, depletion of
Geminin did not affect the stability of Cdc6 and Mcm6 and had
only a small effect on the stability of cyclin B (and did not affect its

Fig. 2. Geminin depletion causes decrease of Cdt1 protein in the presence
of DNA synthesis inhibitors. (A) U2OS cells were synchronized by double
thymidine treatment and then were released from S-phase block for 2 h.
Cells then were transfected with Geminin siRNA or mock-transfected before
they were treated with nocodazole. Aphidicolin was added at the S/G2
transition where indicated. Cells then were incubated for another 9 h before
the adherent cells (end-G2 cells) or the shake-off cells (mitosis) were har-
vested (see also Fig. S1A). Western blotting analysis for the indicated pro-
teins is shown. APC2 protein was used as a loading control. The slower
mobility of Cdc27 in mitosis is shown as a marker of good separation be-
tween G2 and mitotic cells (25). Cdt1 mobility decreases in mitosis, as pre-
viously reported (4). Spaces are intentionally left between pairs of bands to
indicate that the images shown are taken from distant parts of the same gel.
(B) FACS analyses were performed with the samples shown in A to control
for good synchronization in G2 phase after depletion of Geminin protein.
(C) U2OS cells were synchronized by double thymidine treatment and then
were released from S-phase block. Ten hours later (at S/G2 transition), cells
were treated with control siRNA or Geminin siRNA. Nocodazole and optional
third thymidine were also added at this time. Cells then were incubated for
an additional14 h before the mitotic cells were harvested by manual shake-
off. Western blotting analysis for the indicated proteins is shown. APC2
protein was used as a loading control.
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mitotic levels) (Fig. 4D). In the same experiment, we also con-
firmed that Cdt1 is very unstable (more than in mitosis) during G2
phase. In contrast, we observed that Geminin, Cdc6, cyclin A,
cyclin B, and Mcm6 were much more stable (Fig. 4D). The ob-
servation that Cdc6 and Mcm6 protein levels were not affected by
Geminin depletion suggests that the small reductions of their
RNA levels during G2 phase (Fig. 3F) are not sufficient to affect
their protein levels. These results show that Cdt1 is an unstable
protein before cell division and that Geminin regulates its stability.
When Geminin levels are reduced, Cdt1 stability decreases fur-
ther, and its levels drop dramatically.

Discussion
Assurance that DNA replication is limited to making a complete
and single copy of the genome in each cell cycle is an important
requirement of the cell cycle. Cdt1 plays a central role by
restricting DNA replication to S phase and establishing the
requirements for DNA replication in G1. To achieve its cell-
cycle specificity, the levels and activity of Cdt1 are regulated by
multiple mechanisms along the cell cycle. During mitosis Cdt1
levels are high to guarantee efficient pre-RC formations in the
next cell cycle (4). The high level of Cdt1 also may reflect its
involvement in kinetochore–microtubule attachments (26). During

Fig. 3. Geminin positively regulates the RNA levels of Cdt1. (A) Geminin depletion decreases Cdt1 mRNA. U2OS cells were transfected with siRNA for Geminin or
Cdt1 or were mock-transfected (Contr.) and incubated for 48 h. After cell lysis, mRNA for Cdt1 was quantified by quantitative RT-PCR, and quantifications were
represented in a bar chart. Samples were normalized to β-actin. The control (mock-transfected) sample was arbitrarily given a value of 1. SDs are shown.
(B) Geminin depletion decreases Cdt1 mRNA in G2 phase and mitosis. U2OS cells were treated with thymidine and released for 5 h. Cells then were transfected
with siRNA for Geminin or Cdt1 or were mock-transfected, as previously reported (4) (see also Fig. S2A). Nocodazole was added 4 h after transfections, and cells
were incubated for another 16 h before the adherent cells (end-G2 cells) or the shake-off cells (mitotic cells) were harvested. Cdt1 mRNA levels were evaluated by
quantitative RT-PCR, and quantification is shown as bar charts. Control (mock-transfected) samples for G2 and mitotic cells were arbitrarily assigned a value of 1.
SDs are shown. Samples were normalized to β-actin. (C) Western blotting analysis for the samples in B is shown to evaluate protein levels of Cdt1 and Geminin.
(D) Geminin regulates Cdt1 RNA levels. Normal U2OS cells or U2OS cells stably overexpressing full-lengthWT Geminin or a form of Geminin deleted of amino acids
112–118 (4) were used for this experiment. Cells were synchronized by thymidine treatment and were released for 5 h before transfection with Geminin siRNA or
mock-transfection as indicated. Nocodazole was added 4 h after transfections, and cells were incubated for another 12 h before the adherent cells (end-G2 cells)
or the shake-off cells (mitotic cells) were harvested. Cdt1 mRNA levels were evaluated by quantitative RT-PCR, and quantification is shown as bar charts. Control
(mock-transfected) samples for G2 and mitotic cells are arbitrarily assigned a value of 1. SDs are shown. Samples are normalized to β-actin. (E) Cdt1 mRNA
decreases in G2 phase. U2OS cells were synchronized as described in Fig. S2B. Time points were taken at early S phase, mid S phase, and G2 phase. Cdt1, Cdc6, and
Mcm6 mRNA levels were evaluated by quantitative RT-PCR, and quantifications are shown as bar charts. The first time points (early S phase) are arbitrarily
assigned a value of 1. SDs are shown. Samples are normalized to β-actin. (F) Geminin depletion decreases Cdt1 mRNA in S and G2 phases. Some plates of U2OS
cells were treated in parallel with siRNA for Geminin in the experiment shown in E (see also Fig. S2B). Cells were taken at early S phase and G2 phase, and Cdt1,
Cdc6, and Mcm6 mRNA levels then were evaluated by quantitative RT-PCR. The first time points (in early S phase) are arbitrarily assigned a value of 1. SDs are
shown. Samples are normalized to β-actin. (G) Geminin depletion has a little effect on stability of Cdt1 RNA. Some plates of U2OS cells also were treated in parallel
with Actinomycin D in early S phase in the experiment shown in E and F (see also Fig. S2B). The treatment with the transcription inhibitor Actinomycin D was as
long as 10 h. Cells were taken at early S phase, mid S phase, and G2 phase. Cdt1 mRNA levels then were evaluated by quantitative RT-PCR. The first time points
(in early S phase) are arbitrarily assigned a value of 1. SDs are shown. Samples are normalized to β-actin.
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mitosis CDKs inhibit Cdt1 activity (4, 12, 27); CDK activity
may increase Cdt1 levels further by strengthening the binding
between Cdt1 and Geminin (4, 25) (Fig. S3). Just after mitotic
exit, Cdt1 is high in G1 phase, but Geminin also is quickly
degraded. The degradation of Geminin activates Cdt1, and
Cdt1 associates with chromatin to form the pre-RCs (2, 3, 28–
30). During this phase, Cdt1 continues to be synthesized but is
not stable (Fig. 4B). Its turnover is regulated by Cdh1-APC–
mediated degradation (31). At S phase onset, Cdt1 is degraded
more efficiently by the activation of the ubiquitin ligase activity
mediated by Cul4-DDB1-Cdt2 (32), and its level decreases
dramatically; only low levels of Cdt1 remain. This residual Cdt1,
possibly associated with chromatin, could have some role in the
efficient execution of DNA replication through interactions with
DDK complex and cell division cycle 45 (Cdc45) (28, 30, 33, 34),
but it no longer can form pre-RCs. It also is possible that the low
S-phase levels of Cdt1 may be completely inactive by binding to
Geminin, CDK and DDK. After S phase, Cdt1 needs to accu-
mulate for its mitotic function and for pre-RC formation at the
beginning of G1. In many cells G2 is very short. Three mecha-
nisms contribute to Cdt1 accumulation in G2: the inactivation of
the ubiquitin ligase activity associated with Cul4-DDB1-Cdt2
(7), the partial stabilization of Cdt1 caused by phosphorylation
by the MAP kinases p38 and JNK (9), and the regulation by
Geminin. These mechanisms are particularly important because
they must counteract the decrease of Cdt1 RNA during G2
phase (Fig. 3E). The regulation of Cdt1 along the cell cycle is
recapitulated in Fig. S4.
Geminin is essential for the accumulation of sufficient Cdt1

during mitosis (4) and meiosis (10). In particular, depletion of

Geminin was shown previously to prevent the increase of Cdt1 at
mitosis, and overexpression of Geminin protected Cdt1 from
polyubiquitylation (4). These observations led to a model in
which Geminin’s role is to permit Cdt1 buildup in mitosis, pro-
viding enough Cdt1 for pre-RC formation in G1 of the following
cell cycle. In this model its buildup in S phase was to prevent
reinitiation of replication. However, more recently it was pro-
posed that the real role of Geminin is not to prevent DNA
rereplication in S phase, as previously hypothesized (21, 22), but
rather to prevent rereplication in the G2 phase (12). We there-

Geminin

Geminin

Cdt1

Cdt1

Myc-Geminin

Myc-Geminin

G2

Mit

+Gem       +Gem
WT      112-118  

G1

0      30    60    90      0     30    60     90

Cdt1

HA-Geminin

CHX                         CHX

+Geminin

A

DC

Cdt1

 0    50   100   150     0     50   100   150  CHX

Control                  si Geminin

Mit

B

Geminin

Mcm6

Cdt1
Geminin

Mcm6

Cdc6

Cyclin A

Cyclin B

P
on

ce
au 83kDa

62kDa
47.5kDa

 0     4h    0     4h     0     2h    4h    0     2h    4h   Puromycin

Control siGem Control siGem

G2                                Mitosis

loading*      *     *      * * * * *

* * * loading*     *      *

Fig. 4. Geminin positively regulates the stability of Cdt1 protein. (A) Geminin increase amplifies Cdt1 protein levels. Western blotting analysis for samples of
cells treated as in Fig. 3D is shown to evaluate a positive correlation between Geminin and Cdt1 protein levels. Note that both the WT and mutant Geminin
are Myc-tagged and mutated in the target sequence for siRNA, and for this reason the exogenous proteins are not affected by siRNA. (B) Geminin increase
amplifies Cdt1 protein levels. HeLa cells were transfected with a vector expressing a stable version of Geminin mutated in the destruction box (4) or control.
After synchronization in mitosis, cells were released in G1 phase for 4 h before treatment with cycloheximide (CHX) for the indicated times. Western blotting
analysis for the indicated proteins is shown. (C) Geminin depletion decreases the stability of Cdt1 protein. U2OS cells treated with siRNA for Geminin or
control were synchronized in mitosis and treated with cycloheximide for the indicated times. Western blotting analyses for Cdt1, Geminin, and Mcm6 are
shown. To facilitate the comparison of Cdt1 half-lives in control cells and cells treated with siRNA for Geminin, the different amounts of total protein loaded
on gel are represented by asterisk size; that is, the total protein loaded on gel in lanes marked by large asterisks is 3.5-fold the total protein in the lanes
marked by small asterisks. (D) Geminin depletion decreases the stability of Cdt1 protein. U2OS cells treated with siRNA for Geminin and control cells were
synchronized in mitosis or end-G2 phase and treated with puromycin (a protein-synthesis inhibitor) for the indicated times. Western blotting analyses for the
indicated proteins are shown. To facilitate the comparison of Cdt1 half-lives in control cells and cells treated with siRNA for Geminin, the different amounts of
total protein loaded on gel are represented by asterisk size; that is, total protein loaded on gel in lanes marked by large asterisks is 3.5-fold the total protein in
the lanes marked by small asterisks. Ponceau staining of the nitrocellulose membrane used for the Western blot analysis is shown to control for total protein
loaded in each lane of the gel.

Fig. 5. Dual regulation of Cdt1 in G2 phase. Geminin inhibits and amplifies
Cdt1 protein during the G2 phase of the cell cycle. In this way Geminin
prevents DNA rereplication during the same G2 phase and promotes the
timely onset of DNA replication in the S phase of the next cell cycle.
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fore tested the hypothesis that Cdt1 levels respond to DNA
replication in G2 phase and not as a result of the direct inhibition
by Geminin. Using two different inhibitors of the DNA synthesis,
we observed the same reduction of Cdt1 levels as in the control,
whether or not Geminin was depleted. Cdc6, another replication
factor that also is degraded after DNA damage (16), is not af-
fected by Geminin depletion. Therefore under these experi-
mental conditions, depletion of Geminin in G2 does not seem to
induce DNA damage, or, if there is some DNA damage, this
damage must be insufficient to stimulate degradation of Cdc6.
Also, in agreement with this observation, the cell cycle is not
arrested under these experimental conditions (4), and over-
expression of Geminin can increase the levels of Cdt1 protein in
G2 phase and mitosis (Fig. 4A). Overall, these results establish
that Geminin is abundant in G2 phase, not only preventing DNA
rereplication (12) but also increasing Cdt1 protein levels by
stabilizing and increasing its RNA to guarantee the timely onset
of DNA replication in the next cell cycle (Fig. 5).
A strategy of efficient and precise DNA replication arises from

the concept of licensing that emanated from the earlier work
(35–37). From these studies it became clear that the eukaryotic
cell is constrained to pass through the cell cycle to initiate a new
round of replication. The simultaneous capacity to form a pre-
initiation complex and the capacity actually to replicate DNA
had to be suppressed sufficiently. Furthermore it is obvious that
these separate events must be coordinated with mitosis, because
neither replication nor pre-RC formation should take place
while the cell is dividing and the chromatin is condensed.
Geminin emerges more clearly from our present current study as
a master regulator of this process, coordinating replication under
the regulation of APC. Degradation of Geminin at the end of

mitosis via APC allows pre-RC formation in G1, but Geminin is
both an inhibitor of Cdt1 and a protector against Cdt1 degra-
dation. A large pool of Cdt1 must accumulate before G1 because
both Geminin and Cdt1 are susceptible to Cdh1-APC ubiquiti-
nation and degradation. Cdt1’s pre-RC forming activity must be
absent in S phase, and here the degradation of Cdt1 is aug-
mented significantly by a Cul4-DDB1 E3 enzyme. Most impor-
tantly Cdt1 must accumulate rapidly in G2. The G2 phase is
characterized by the loss APC activity; hence, Geminin can ac-
cumulate. The various means by which Geminin and Cdt1 are
accumulated in G2 are central to this process. In this way
Geminin can act as a master regulator, with its rapid degradation
at mitosis helping initiate the replication of DNA. The sub-
sequent increase in Geminin when APC is completely inactivated
sets the stage for the accumulation of Cdt1 for the next S phase.

Materials and Methods
Detailed materials and methods are reported in SI Materials and Methods.
Concisely, U2OS or HeLa human cell lines were synchronized in S phase with
single or double 2.5-mM thymidine treatments. Cells released from S phase
were synchronized in G2 phase either through arrest with 50 ng/mL noco-
dazole and harvesting of the adherent cells (“end-G2” cells) or through
release for 10 h. Cells released from S phase were synchronized in mitosis
through arrest with 50 ng/mL nocodazole and harvesting of the shake-off
cells. siRNA were transfected transiently. Plasmids expressing Cdt1 or Gem-
inin were expressed either transiently or permanently, depending on the
case. Quantification of RNA was performed by quantitative RT-PCR.
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