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Cell division cycle 6, a mitotic substrate of polo-like
kinase 1, regulates chromosomal segregation
mediated by cyclin-dependent kinase 1 and separase
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Defining the links between cell division and DNA replication is
essential for understanding normal cell cycle progression and
tumorigenesis. In this report we explore the effect of phosphoryla-
tion of cell division cycle 6 (Cdc6), a DNA replication initiation factor,
by polo-like kinase 1 (Plk1) on the regulation of chromosomal
segregation. In mitosis, the phosphorylation of Cdc6 was highly
increased, in correlation with the level of Plk1, and conversely,
Cdc6 is hypophosphorylated in Plk1-depleted cells, although cyclin
A- and cyclin B1-dependent kinases are active. Binding between
Cdc6 and Plk1 occurs through the polo-box domain of Plk1, and
Cdc6 is phosphorylated by Plk1 on T37. Immunohistochemistry
studies reveal that Cdc6 and Plk1 colocalize to the central spindle
in anaphase. Expression of T37V mutant of Cdc6 (Cdc6-TV) induces
binucleated cells and incompletely separatednuclei.Wild-typeCdc6
but not Cdc6-TV binds cyclin-dependent kinase 1 (Cdk1). Expression
of wild-type Plk1 but not kinase-defective mutant promotes the
binding of Cdc6 to Cdk1. Cells expressing wild-type Cdc6 display
lower Cdk1 activity and higher separase activity than cells expres-
sing Cdc6-TV. These results suggest that Plk1-mediated phosphory-
lationof Cdc6 promotes the interaction of Cdc6 andCdk1, leading to
the attenuation of Cdk1 activity, release of separase, and subse-
quent anaphase progression.

Protein modification such as phosphorylation is an important
mechanism for regulating transitions through cell cycle phases

to ensure DNA duplication and segregation of chromosomes into
daughter cells. Polo-like kinase 1 (Plk1) is an essential mamma-
lian mitotic kinase (1–5). Plk1 is expressed in the S, G2, and M
phases of the cell cycle, and its activity peaks in mitosis (2–5).
During mitosis, Plk1 localizes to several locations and it has
diverse substrates and functions (5). Recently, to gain insight into
a connection between cell division and DNA replication, other
cell cycle functions of Plk1 have been studied. Plk1 interacts and
colocalizes with minichromosome maintenance (Mcm) subunits
and the origin recognition complex (Orc) 2 in the centrosome
(6, 7), suggesting that Plk1 may influence components of DNA
replication. Plk1 is known to phosphorylate Hbo1, a histone acet-
yltransferase binding to Orc1 of prereplication complex (pre-RC)
(8) and topoisomerase II α (9), suggesting that Plk1-associated
phosphorylation of Hbo1 or topoisomerase II α is essential for
S phase.

DNA replication is tightly coordinated with cell division in
order to maintain genomic integrity. In late mitosis and early G1,
replication origins are licensed for replication when Orc, cell
division cycle 6 (Cdc6), chromatin licensing and DNA replication
factor 1 (Cdt1), and Mcm2-7 are loaded (10–12). Origins harbor-
ing pre-RC are licensed for replication but do not initiate DNA
synthesis until S phase (10–12). Cdc6 plays a key role in origin
licensing (13, 14). The level of Cdc6 fluctuates during the cell
cycle and is controlled by a degradation mechanism that is more
active in S phase than in mitosis (15). The abundance of Cdc6
through DNA synthesis indicates that Cdc6 may be required after
the initiation of DNA replication. In yeast the ectopic expression
of Cdc6 interferes with progression through G2 and causes a

dramatic delay in entry into mitosis (13, 14). Overexpression
of a dominant-negative Cdc6 mutant induces mitotic delay cor-
related with inhibition of mitotic cyclin-dependent kinase (CDK)
activity (15). The amino-terminal domain of Cdc6 tightly binds to
mitotic CDK (16), suggesting that Cdc6 acts as an inhibitor of
mitotic CDK in mitosis. Recent reports show that mitotic Cdc6
stabilizes anaphase-promoting complex/cyclosome (APC/C) sub-
strates and affects modulation of APC∕CCdc20 (17). Cdc6 is also
associated with the mitotic apparatus in mice throughout M
phase (18). These studies suggest that Cdc6 plays a role in mitotic
progression, but the details remain unclear.

In this report, we explore the interaction betweenPlk1, amitotic
kinase, and Cdc6, a DNA replication initiation factor. We show
that Plk1 phosphorylates Cdc6 and that phosphorylation of Cdc6
by Plk1 promotes interaction of Cdc6 and Cdk1, suggesting that
phosphorylation of Cdc6 by Plk1 regulates mitotic exit through
Cdk1-separase.

Results
The Increased Phosphorylation of Cdc6, a Prereplication Complex
Component, Was Correlated with the Level of Plk1 in M Phase. We
have found that Plk1 depletion reduces the loading of Mcm pro-
teins on chromatin and DNA synthesis, which suggests that Plk1
may affect DNA replication (19). To investigate the correlation
between Plk1 and the DNA pre-RC components, the levels of
pre-RC components including Orc2, Mcm7, Cdc6, and Cdt1 were
observed during cell cycle progression. Cells were synchronized
with a double thymidine block and released with fresh medium.
Nine hours after release, most cells were in M phase and the level
of Plk1 increased. The level of Cdc6 also increased, accompanied
by the appearance of a more slowly migrating band. Other pre-
replication factors such as Orc2, Mcm7, Cdt1, and geminin were
not greatly altered 9 h after release (Fig. S1A). To observe
whether pre-RC components are phosphorylated in mitosis, cell
extracts were treated with alkaline phosphatase, when cells were
in mitosis determined by FACS analysis (Fig. 1A and Fig. S1A).
Phosphatase treatment markedly altered the migration of the
upper bands of Cdc6 and Plk1, indicating that the shifted bands
were phosphorylated (Fig. 1A). In contrast, phosphatase had no
effect on the levels of Cdt1 andMcm7. Consistent with phosphor-
ylation in M phase, the more slowly migrating bands of Cdc6
were detected in nocodazole-treated cells but not in hydroxyur-
ea-treated cells (Fig. S1B).

Author contributions: H.Y. and R.L.E. designed research; H.Y. performed research; H.Y. and
R.L.E. analyzed data; and H.Y. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.

Data deposition: The sequences reported in this paper have been deposited in the
GenBank database [NM_001254 (*Human Cdc6) and NM_005030 (Human Plk1)].
1To whom correspondence may be addressed. E-mail: hyim@fas.harvard.edu or erikson@
fas.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1013557107/-/DCSupplemental.

19742–19747 ∣ PNAS ∣ November 16, 2010 ∣ vol. 107 ∣ no. 46 www.pnas.org/cgi/doi/10.1073/pnas.1013557107

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
11

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental/pnas.1013557107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental/pnas.1013557107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental/pnas.1013557107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental/pnas.1013557107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1013557107/-/DCSupplemental


www.manaraa.com

Cyclin A- or Cyclin B1-Dependent Kinases Are Activated but Cdc6 is
Nonphosphorylated in Plk1-Depleted Cells. The results of phospha-
tase treatment of mitotic cell lysates suggest that Cdc6 may be
phosphorylated by Plk1. To investigate whether the depletion
of Plk1 affects the phosphorylation of Cdc6, HeLa cells were in-
fected with lentivirus expressing human Plk1-targeting shRNA
and selected with puromycin for 2 d. As shown in Fig. 1B, phos-
phorylation of Cdc6 was significantly reduced in Plk1-depleted
cells. Plk1 depletion over 3 d induces mitotic arrest and apoptosis

(20). To avoid these effects, puromycin selection was eliminated
and cells were harvested 1 d after infection. Under these condi-
tions, Plk1-depleted cells cycled slowly and apoptotic cells did not
appear during the period examined. In control cells, the phos-
phorylation of Cdc6 was observed from 6 to 12 h after release
when cells passed through G2 and mitosis. However the phos-
phorylation of Cdc6 was not detectable in Plk1-depleted cells
(Fig. 1C), indicating that the presence of Plk1 affects the phos-
phorylation of Cdc6.

Cdc6 is a substrate of Cdk2 (21–23) raising the possibility that a
reduction of Cdc6 phosphorylation in Plk1-depleted cells results
from the low activities of CDKs. Thus, the activities of cyclin A/
Cdk2 and cyclin B1/Cdk1 in Plk1-depleted cells were examined.
Cyclin A- or cyclin B1-dependent kinase assays were performed
using immunoprecipitation of cyclin A- or cyclin B1-dependent ki-
nase from hydroxyurea or nocodazole-treated cells (Fig. 1 D–G).
The activities of cyclin A-associated kinase (Fig. 1D) and cyclin
B1-associated kinase (Fig. 1F) in Plk1-depleted cells were greater
than in control cells. However, Cdc6 was hypophosphorylated
in Plk1-depleted cells (Fig. 1 E and G), indicating that the phos-
phorylation level of Cdc6 was not related to the activities of CDKs
in Plk1-depleted cells.

Cdc6 Binds to the C-Terminal Domain of Plk1 in Vitro and in Vivo. The
C-terminal polo-box domain of Plk1 functions as a phosphopep-
tide-binding domain and may contribute to substrate specificity
(24, 25). To determine whether Plk1 interacts with Cdc6 or not,
in vitro GST pull-down assays were performed. Purified GST-
fused Cdc6 (GST-Cdc6) was incubated with lysates of HEK
293T cells expressed with FLAG-tagged Plk1 (FLAG-Plk1). As
shown in Fig. 2A, FLAG-Plk1 associated with GST-Cdc6, but
not with GST. To determine whether the polo-box influences
Plk1 association with Cdc6, FLAG-tagged WT, polo-box mutant
which is three points mutant at W414F, V415A, and L427A
(FAA), N-terminal mutant (amino acids region 1–305), and
C-terminal mutant (amino acids region 306–603) of Plk1 were
expressed in HEK 293T cells (Fig. 2B and Fig. S2A). Purified
GST-Cdc6 fusion protein was incubated with cell lysates expressed
wild type or mutant of Plk1. Shown in Fig. 2B, Left, GST-Cdc6
associated with the wild type of Plk1. However, the binding
between GST-Cdc6 and Plk1-FAA mutant was markedly reduced
compared to the interaction between GST-Cdc6 and Plk1-WT.
GST-Cdc6 also bound the C-terminal polo-box domain, but not
the N-terminal kinase domain of Plk1, indicating that the C-term-
inal polo-box domain of Plk1 contains the Cdc6 binding domain.
Endogenous Cdc6 bound to endogenous Plk1 and ectopically
expressed Plk1-WTas well (Fig. S2B). As with GST-Cdc6, endo-
genous Cdc6 associated with the C-terminal domain of Plk1, but
not the N-terminal domain (Fig. S2B). From these results we
conclude that Cdc6 associates with Plk1 through the C-terminal
polo-box domain of Plk1.

Cdc6 is aMitotic Binding Partner and Substrate of Plk1.Cdc6 works as
a DNA replication initiator in early S phase (10–13) and Plk1 is
expressed from S phase and peaks in M phase (4). To investigate
when Plk1 interacts with Cdc6, coimmunoprecipitation assays
were performed using lysates from cells synchronized in S phase
or M phase with hydroxyurea or nocodazole, respectively. Cell
lysates were immunoprecipitated with antipolyclonal Plk1 anti-
body and immunoblotted for Cdc6 or Plk1. As shown in Fig. 2C,
endogenous Plk1 associated with endogenous Cdc6 in nocoda-
zole-treated cells.

The reciprocal interaction between Plk1 and Cdc6 in vitro and
in vivo suggests that Cdc6 may be a substrate of Plk1. To address
this possibility, in vitro Plk1 kinase assay was carried out with
purified His-tagged Cdc6 protein. GST-tagged wild-type Plk1
(WT) or kinase-defective mutant (KM) was purified from bacu-
lovirus and incubated with Casein as a positive control or purified
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Fig. 1. The phosphorylation of Cdc6 does not occur in Plk1-depleted cells
and is independent of the activities of cyclin-dependent kinases. (A) Cell
extracts at 9 h after release from the double thymidine block were incubated
with or without 50 units alkaline phosphatase (BioLabs) for 30 min at 37 °C
and immunoblotted with anti-Cdc6, anti-Plk1, anti-Cdt1, anti-Mcm7, and
anti-β-tubulin antibodies. (B) Cells were infected with lentivirus-expressing
RNAi targeting Plk1 (Plk1-) or control virus (Con). Twenty-four hours later,
cells were selected with puromycin for 2 d and then lysates were immumo-
blotted with anti-Plk1, anti-Cdc6, and anti-Erk2 antibodies. (C) HeLa cells
were synchronized with the double thymidine block and infected with len-
tivirus-based RNAi targeting Plk1 (Plk1-) or with control virus (Con). Zero time
is 24 h after infection. Lysates were prepared at various times and immuno-
blotted. FACS analysis of cell cycle progression was performed. (D–G) HeLa
cells were infected with lentivirus-expressing RNAi targeting Plk1 (P) or con-
trol virus (C). Twenty-four hours later, cells were selected with puromycin for
36 h and then treated with 2 mM hydroxyurea or 100 ng∕mL nocodazole for
12 h. (D and F) Cdk activity was assayed with immunoprecipitated cyclin A- or
cyclin B1-dependent kinase with anticyclin A or anticyclin B1 antibody and
histone H1 was used as substrate. (E and G) Extracts were immunoblotted
with anticyclin A, anticyclin B1, anti-Cdk1, anti-Cdk2, anti-Plk1, anti-Cdc6,
and anti-Erk2 antibodies.
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His-Cdc6 (Fig. 3A). Plk1-WT, but not Plk1-KM, phosphorylated
casein and His-Cdc6, indicating that Cdc6 is a substrate of Plk1 in
vitro. To investigate the phosphorylation site of Cdc6 by Plk1,
GST-tagged serial deletion mutants of Cdc6 were used for Plk1
kinase assay. Sequences at N terminus of Cdc6 (amino acids
1–100) were phosphorylated by Plk1 (Fig. 3B). Using site-directed
mutants of full-length Cdc6, Plk1 assays showed that the point mu-
tant of Cdc6 containing T37V was not detectably phosphorylated
by Plk1 in vitro (Fig. 3C), indicating that Cdc6 is phosphorylated
by Plk1 on threonine 37. To address whether Plk1 phosphorylates
Cdc6 in cells, FLAG-tagged Plk1-WT and Plk1-KM were ex-
pressed in HEK 293T cells and then immunoblot assay was
performed. Consistent with in vitro kinase assay, the Cdc6 band
shift occurred in cells expressing Plk1-WT, but not in cells expres-
sing Plk1-KM (Fig. S3). The results indicate that Cdc6 is a mitotic
binding partner and substrate of Plk1.

The Nonphosphorylatable Mutant of Cdc6 Induces Defects in Chromo-
somal Segregation. To understand the physiological role of Cdc6
phosphorylation by Plk1, HeLa cells were synchronized in mitosis
and stained for Cdc6 and Plk1 (Fig. 4A). Plk1 was detected in
the centrosome and kinetochore during prophase, attached to the
microtubule and the spindle pole in metaphase, localized in the
central spindle in anaphase, and seen in the midbody in telophase
(Fig. 4A). Cdc6 colocalized with Plk1 during metaphase and ana-
phase at the spindle pole and the central spindle. In telophase,
Cdc6 translocated to the newly formed nuclei (Fig. 4A). Coloca-
lization of Cdc6 and Plk1 to the central spindle was consistently
observed with different antibodies (Fig. S4).

Next, the effect of T37V mutant of Cdc6 (Cdc6-TV) on mitosis
was studied. Cells expressing GFP-tagged Cdc6-TV were stained
with anti-GFP and anti-α-tubulin. Over 40% cells expressing
Cdc6-TV were binucleated or had incompletely separated nuclei
compared to 7% of cells expressing Cdc6-WT (Fig. 4 B and C),
indicating that the nonphosphorylatable Cdc6 mutant may affect
chromosomal segregation and cytokinesis.

The Phosphorylation of Cdc6 by Plk1 Regulates the Activity of Separ-
ase Through the Association with Cdk1. Chromosomal segregation
inmitosis is triggered by activation of separase (26). In vertebrates
Cdk1-dependent inhibition of separase is a securin-independent
pathway for anaphase control (27, 28). The association of separase

and Cdk1 leads to inactivation of protease activity (28). To inves-
tigate the effects of Cdc6 phosphorylation by Plk1 on Cdc6 inter-
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action with cyclin B1/Cdk1, coimmunoprecipitation assays were
done. GFP-tagged Cdc6 was immunoprecipitated from GFP-
tagged Cdc6-WT or Cdc6-TV transfected cells, and immuno-
blotted for Cdk1. Cdc6-WT but not Cdc6-TV interacted with Cdk1
(Fig. 5A). We also examined the association between Cdc6 and
Cdk1 in FLAG-tagged Plk1-WT or Plk1-KM transfected cells.
Endogenous Cdc6 showed a different phosphorylation pattern
after expression of Plk1-WT compared to Plk1-KM (Fig. 5B, In-
put). Immunoprecipitation assay showed that Cdc6 interacted
with Cdk1 in Plk1-WT, but not in Plk1-KM expressing cells
(Fig. 5B), suggesting that phosphorylation of Cdc6 by Plk1 induces
the interaction of Cdc6 with Cdk1.

To determine whether the association of Cdc6with Cdk1 affects
Cdk1 activity, histone H1 kinase assays were performed on Cdk1
immunoprecipitates. Expression of WT Cdc6 significantly low-
ered the activity of Cdk1 compared to expression of the nonpho-
sphorylatable mutant of Cdc6 or the GFP control (Fig. 5C),
indicating that the phosphorylation of Cdc6 leads to inhibition
of Cdk1 activity.

To determine whether the activity of separase is affected by the
association of Cdc6 and Cdk1, the cleavage of Cohesin/Rad 21
was assayed. The cleavage of Cohesin/Rad21 was much greater
in Cdc6-WT expressing cells than in GFP and Cdc6-TV mutant

expressing cells. Expression of WT Cdc6 but not mutant Cdc6
was correlated with activation of separase (Fig. 5D), indicating
that the phosphorylation of Cdc6 by Plk1 and subsequent
binding of Cdk1 leads to activation of separase and initiation
of anaphase.

Cdc6 Depletion Induces Mitotic Defects and Multinucleated Cells. To
test whether Cdc6 influences chromosomal segregation, Cdc6
was depleted with a Cdc6 targeting lentivirus. Twenty-four hours
after infection, cells were selected with puromycin for 2 d, fixed
and stained with anti-phosphohistone H3 (S10), a mitotic marker,
and anti-Plk1. The level of phosphohistone H3 increased twofold
in Cdc6-depleted cells compared to control cells (Fig. S5 A
and B). Depletion of Cdc6 also increased the level of binucleated
cells to 27% compared to 4% in control cells (Fig. S5 A and C).
FACS analysis performed 4 d after infection showed that the
population of polyploid cells was 11.3% in Cdc6-depleted cells
compared to 5% in control cells, and the population of subge-
nomic DNA was 23% in Cdc6-depleted cells compared to 3.7%
in control cells (Fig. S5D). Depletion of Cdc6 also led to an in-
crease the protein levels of Cdk1 and cyclin B1 (Fig. S5E). Cells
failing to complete chromosomal segregation and cytokinesis
accounted for 60% of the population of Cdc6-depleted cells
(Figs. S5F and S6B). This phenotype was reduced to around 35%
in Cdc6-WT-rescued cells or 15% in Cdc6-TV-expressed cells
compared to control cells depleting Cdc6 (Fig. S6). Taken to-
gether, the results indicate that Cdc6 may have a critical role in
chromosomal segregation and cytokinesis by regulating separase
activity.

Discussion
Cdc6 is an essential regulator of DNA replication and plays a key
role in origin licensing (10, 11, 13). The role of Cdc6 in mitosis is
less well studied. Here we show that in mitotic cells Plk1 interacts
with and phosphorylates Cdc6, and Plk1 and Cdc6 colocalize to
the spindle pole and the central spindle. Phosphorylation of Cdc6
by Plk1 affects binding between Cdc6 and Cdk1 as well as Cdk1
activity. The interaction of Cdc6 with Cdk1 results in inhibition of
Cdk1 activity, which is required for activation of separase and exit
from mitosis. Mutation of Cdc6 results in cells exhibiting a high
percentage of binucleation and incompletely separated chromo-
somes. The depletion of Cdc6 also induces mitotic defects in
chromosomal segregation and cytokinesis, and binucleated cells
with high levels of cyclin B1 and Cdk1.

Cdc6 is phosphorylated after initiation of DNA replication,
and most of these sites depend on cyclin-dependent kinases
(15, 21, 22). The phosphorylation of Cdc6 by cyclin A-Cdk2 is
thought to play a role in translocation of Cdc6 from the nucleus
to the cytoplasm to prevent DNA rereplication (21–23). How-
ever, after S phase is initiated, an elevated Cdc6 is still found in
the nucleus and is hyperphosphorylated on serine 54 (29) before
the completion of mitosis. Results presented here showing that
endogenous Cdc6 associates with Plk1 and is localized with
Plk1 at the spindle pole in metaphase and at the central spindle
in anaphase (see Fig. 4A) suggest a role of Cdc6 in mitosis.

The phosphorylation of Cdc6 on threonine 37 may be critical
for mitotic exit by regulating the interaction of Cdc6 and cyclin B1
or Cdk1. Cdc6 interacts with and inhibits mitotic CDK in vitro
and in vivo through its amino terminus (30–33). Overexpression
of a dominant-negative mutant of Cdc6 refractory to Skp/Cullin/
F-box ðSCFÞCDC4-mediated proteolysis induces a mitotic delay
correlated with inhibition of mitotic CDK activity (15, 30). This
mutant inhibits CDK activity more efficiently than WT Cdc6 be-
cause of its abundance (15, 32). Recently it has been reported that
mitotic Cdc6 stabilizes APC/C substrates by a mechanism that is
partially independent of mitotic CDK (17). Cdc6 down-regulates
APC/Cdc20 before cells exit mitosis through physical interaction
with Cdc55, a subunit of PP2A phosphatase (17). Although it has
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Fig. 4. The nonphosphorylatable mutant of Cdc6 induces defects in chromo-
somal segregation. (A) HeLa cells grown on coverslips were synchronized
with the double thymidine block. Nine hours after release, the cells were
fixed and stained with antimonoclonal Plk1 (Upstate; green) and antipolyclo-
nal Cdc6 (PreteinTech; red). Nuclear DNA was stained by DAPI. (Scale bar:
10 μm.) (B and C) GFP, GFP-tagged wild-type Cdc6 (Cdc6-WT), T37V mutant
Cdc6 (Cdc6-TV) were expressed in HeLa cells for 2 d. Cells were fixed and
stained with anti-GFP and anti-α-tubulin. (Scale bar: 20 μm.) The populations
of binucleated cells were counted and quantified. The means� SD (error
bars) from three determinations obtained in each of three experiments.
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been shown that overexpressed Cdc6 delays mitotic entry and
progression in both a CDK-dependent and -independent manner,
modest levels of Cdc6 also acts to promote mitotic exit through
inhibition of Cdk1 (33, 34). Removal of the Cdc6 N terminus
confers cytokinetic defects in Saccharomyces cerevisiae deficient
in Sic1 and Cdh1, suggesting that Cdc6, Sic1, and Cdh1 can
cooperate to regulate mitotic CDK activity to facilitate mitotic
exit (33, 34). Our studies also show that the nonphosphorylatable
N-terminal mutant results in incompletely separated chromo-
somes, inducing failure of mitotic exit (Fig. 4 and Fig. S6). In ad-
dition, Cdc6 depletion experiments reveal that endogenous Cdc6
is required to complete chromosomal segregation and cytokinesis
in mitosis.

Activation and inactivation of Cdk1 are correlated with mitotic
entry and exit (35). Cdk1 is highly activated at the beginning
of mitosis and during mitotic progress (35). To pass through ana-
phase and exit mitosis, Cdk1 must be inactivated, which occurs
when cylcin B is degraded (27, 35). In budding yeast, the Cdk in-
hibitors Sic1 andCdc6may contribute to down-regulation of Cdk1
activity in mitosis (31, 32). The N terminus of Cdc6 is necessary
and sufficient for interaction Cdk1 (16, 31) and phosphorylation
of Cdc6 increases Cdk1 binding (31). Before anaphase, separase
is inhibited by association with securin or Cdk1 (27, 28). The de-
gradation of cyclin B1 and securin releases separase triggering
chromosomal segregation (26, 28). In Cdc6-depleted cells, the
levels of cyclin B or Cdk1 remain elevated, which may suppress
the activation of separase. Chromosomal segregation was incom-
plete and cells were binucleated or displayed incompletely sepa-
rated chromosome. In addition, the cells expressing the Cdc6-TV

mutant showed a similar phenotype. The Cdc6-TVmutant cannot
associate with Cdk1 and cannot inhibit Cdk1 activity. These data
lead us to propose the following model (see Fig. 5E): In mitosis,
Plk1 phosphorylates Cdc6 which binds to Cdk1 and inhibits its
activity. This sequential action leads to the release and activation
of separase in a securin-independent manner, to promote chro-
mosomal segregation.

Materials and Methods
Plasmid Construction. Full-length human Cdc6 was amplified by PCR and
subcloned into pET-28a (His fusion), pGEX-4T-1 (GST fusion), and pCS2þ
GFP (GFP fusion) vector (36, 37). FLAG-tagged Plk1-WT, K82M, FAA, N termi-
nus, and C terminus and baculovirus encoding WT GST-Plk1 and GST-Plk1-
K82M were described previously (24). The T37V mutant of Cdc6 was
generated by replacing ACA with GTA (forward AGTGATGCCAAACTAGAAC-
CAGTAAATGTCCAAACCGTAACCTG; reverse CAGGTTACGGTTTGGACATTTA-
CTGGTTCTAGTTTGGCATCACT).

Lentivirus-Based RNAi Plasmid Preparation, Virus Production, and Infection. The
lentivirus-based RNAi transfer plasmids targeting human Cdc6 (GenBank
release no. NM_001254) at positions 1314 to 1333 (GGACAATGCTGCAGTT-
CAATT) (pLKO-Puro1.-Cdc6) or control plasmid (pLKO-Puro.1) was prepared
and lentivirus was generated and infected as described previously (19, 20).

Phosphatase Treatment. HeLa cells were synchronized with the double thymi-
dine block. Nine hours after release, cells were harvested and lysed in phos-
phatase buffer (150 mM NaCl, 1% CHAPS, 10mM Hepes, pH 7.5) and either
left untreated or incubated for 30 min at 37 °C with alkaline phosphatase
(BioLabs). At the end of the reaction, the lysates were immunoblotted with
specific antibodies as described in SI Materials and Methods.
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Fig. 5. Phosphorylation of Cdc6 by Plk1 regulates separase activity via interaction with Cdk1. (A) GFP-tagged mock (GFP), wild-type Cdc6 (WT), and T37V
mutant of Cdc6 (TV) were expressed in HeLa cells for 2 d. Extracts were immunoprecipitated with anti-GFP, and then immunoblotted with anti-Cdk1 antibody.
Input was analyzed by Western blot analysis with anti-GFP, anti-Cdk1, and anticyclin B1 antibodies. (B) FLAG-tagged mock, Plk1-WT, and Plk1-KM proteins
were expressed in HeLa cells for 2 d and then the cells were treated with nocodazole for 12 h. Extracts were immunoprecipitated with anti-Cdc6 and then
immunoblotted with anti-Cdk1. Input was analyzed by Western blot analysis with anti-Cdc6, anti-FLAG, anti-Cdk1, and anti-Erk2 antibodies. (C and D) Cells
were prepared as described in Fig. 5A. (C) Extracts were immunoprecipitated with anti-Cdk1 and Cdk1 activity was assayed with histone H1 and 10 μCi ½γ-32P�
ATP at 30 °C for 30 min. Activity was detected by autoradiography. (D) Extracts were immunoblotted with anti-Cdk1, anti-Rad21, anti-GFP, anti-GAPDH anti-
bodies. Three independent experiments were done. (E) Plk1-mediated phosphorylation of Cdc6 leads the activation of separase. Cdc6 phosphorylated by Plk1
binds with Cdk1 and inhibits its activity. Thus, separase may be released from Cdk1, which promotes chromosomal segregation in mitosis.
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GST Pull-Down Assay. GST fused Cdc6 expressed in Escherichia coli strain BL21
and purified using glutathione-sepharose 4B beads were incubated with the
lysates of HEK 293T cells that had been expressed with FLAG-tagged Plk1 as
described in SI Materials and Methods.

Kinase Assay. For Cdk assays, cyclin A or cyclin B was immunoprecipitated
from lysates from cells treated with hydroxyurea for 12 h or nocodazole
for 12 h, respectively. Activity was assayed with histone H1 as detailed in
SI Materials and Methods.

Plk1 kinase activity was assayed with purified His-tagged full-length
Cdc6, GST-tagged regions of Cdc6, or casein as described in SI Materials
and Methods.

Immunofluorescence. For immunofluorescence, cells were fixed, permeabi-
lized, incubated in 0.1% Triton X-100-PBS containing 3% BSA for blocking,
incubated with antimonoclonal Plk1 (Upstate) and anti-Cdc6 (ProteinTech
Group) antibodies, and analyzed as described in SI Materials and Methods.
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