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The spindle assembly checkpoint (SAC) ensures accurate seg-
regation of chromosomes by monitoring kinetochore attach-
ment of spindles during mitosis. Proper progression of mitosis
depends on orderly ubiquitination and subsequent degradation
of various mitotic inhibitors. At the molecular level, upon
removal of SAC, Cdc20 activates E3 ubiquitin ligase anaphase-
promoting complex/cyclosome that, along with E2 ubiquitin-
conjugating enzyme UbcH10, executes this function. Both
Cdc20 andUbcH10 are overexpressed inmany cancer types and
are associated with defective SAC function leading to chromo-
somal instability. The precise mechanism of correlated overex-
pression of these two proteins remains elusive. We show that
Cdc20 transcriptionally up-regulates UbcH10 expression. The
WD40 domain of Cdc20 is required for this activity. Physical
interaction between Cdc20 and anaphase-promoting complex/
cyclosome-CBP/p300 complex and its subsequent recruitment
to the UBCH10 promoter are involved in this transactivation
process. This transcriptional regulatory function of Cdc20 was
observed to be cell cycle-specific. We hypothesize that this co-
regulated overexpression of both proteins contributes to chro-
mosomal instability.

Chromosomal instability has been found to be a prominent
cause for aneuploidy and consequently the onset of cancer.
Proper chromosomal segregation during the mitotic stage of
cell division prevents the occurrence of chromosomal instabil-
ity and thus rules out the generation of aneuploid cells (1, 2).
The bipolar segregation of duplicated chromosomes during
metaphase to anaphase transition is monitored by spindle
assembly checkpoint (SAC).4 Cells are allowed to proceed
toward chromosomal segregation after all the kinetochores of
sister chromatids are attached to bipolar spindles. But in case
any defect occurs at kinetochore-spindle attachment or in the
generation of tension across the bipolar spindle arrangement,

the cells remain arrested at metaphase by SAC until all the
defects are corrected (3). At the biochemical level, this mitotic
progression of cells is mediated by sequential ubiquitination
and proteasomal degradation of different substrates. The ana-
phase-promoting complex/cyclosome (APC/C) is the mitotic
E3 ubiquitin ligase that, along with E2 ubiquitin carrier protein
UbcH10, mediates this ubiquitination activity (4–6). For
proper functional activity of APC/C, the presence of one of two
WD40 domain-containing adapter proteins, Cdc20 and Cdh1,
is required (7). Cdc20 activates APC/C atmetaphase, andAPC/
CCdc20 ubiquitinates securin, thus releasing the endopeptidase
separase. Free separase then cleaves the SCC1 subunit of the
cohesin complex, which holds together the sister chromatids at
metaphase plate. After separation, chromatids move to the
opposite poles, and the cells enter the anaphase. Cdc20 is the
direct target of SAC. When SAC is on, Cdc20 remains seques-
tered by the mitotic checkpoint complex (MCC) comprising
Mad2, BubR1, and Bub3, and APC/CCdc20 remains inactive (3,
8). Recently, it has been suggested that UbcH10 terminates
SAC-mediated mitotic arrest by ubiquitinating Cdc20 and
thereby releasing inhibitoryMCC from Cdc20 (5). Concordant
with that, p31comet blocksMad2 to sequester Cdc20 further (9).
On the contrary, the deubiquitinating enzyme USP44 deubiq-
uitinates Cdc20 so that MCC can sequester it from activating
APC/C before the kinetochore attachment to spindle poles
(10). Consistent with their mitotic role, both Cdc20 and
UbcH10 accumulate gradually during G2 phase with a peak at
mitosis and then sharply decrease as the cells exit frommitosis
(11–13). Down-regulation of Cdc20 as well as UbcH10 occurs
by APC/CCdh1-mediated ubiquitination assisted by UbcH10
itself after ensuring the propermitotic exit upon degradation of
all mitotic substrates (12, 13).
Defects in the functioning of SACmay lead to chromosomal

missegregation thereby resulting in the generation of aneuploid
cells. Mutations and/or deregulated expression of various SAC
genes have been found in a number of cancer tissues (14–16).
Cdc20 overexpression has been observed in various cancer tis-
sues (17) and reported to cause premature anaphase onset
resulting in aneuploidy in cancer cells (18). Expression of the
Mad2-binding deficient and thereby SAC-defective mutant
Cdc20 promotes tumor formation in mice (19). These results
suggest that proper functioning of Cdc20 is crucial for orderly
execution of cell division. However, the downstream effects of
Cdc20 overexpression in relation to SAC inactivation and
aneuploidization largely remain unknown. In this regard, it is
also noteworthy that UbcH10 overexpression may override
SAC-mediated cell cycle arrest thereby resulting in defective
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chromosomal segregation and subsequent onset of aneuploidy
(5, 20). Therefore, regulation of UbcH10 expression might also
be an essential step for proper function of the checkpoint.
Indeed, UbcH10 expression is found to be up-regulated in a
number of cancer tissues of different origins, and this up-regu-
lation is related with poor prognosis in some cancer types (21–
25). TheUBCH10 gene encoding locus 20q13.1 is also reported
to be amplified in several tumors (26). Dominant negative
UbcH10 blocks the APC/C-mediated ubiquitination activity,
thus preventing the degradation of mitotic substrates causing
cells to accumulate at mitosis (27). Moreover, small interfering
RNA (siRNA)-mediated down-regulation of UbcH10 expres-
sion causes a lower rate of proliferation in both normal and
cancer cells (25, 26, 28). However, the mechanism of UbcH10
up-regulation in oncogenic condition is still largely unresolved.
Thus, maintenance of levels of SAC proteins is an important

regulatory mechanism to check aneuploidy and subsequent
tumorigenesis. Besides degradation of cell cycle regulators via
the ubiquitin proteasome pathway, another emerging mecha-
nism for cell cycle control is transcriptional regulation of its
components. Transcriptional deregulation of the SAC gene
MAD2was correlated with mitotic abnormality in human can-
cers (29). Promoter methylation-associated differential BubR1
expression is considered as a key determinant of checkpoint
control in cancer cells (30). Cdc20 expression is transcription-
ally regulated by tumor suppressor protein p53 (31, 32). p53
also regulates transcription of other SAC genes such asMAD1
and BUB1B (33, 34). It has been reported that WD repeat-con-
taining mitotic checkpoint proteins can act as transcriptional
repressors during interphase (35). In a previous study, it was
shown that CBP/p300 and APC/C cooperate to regulate tran-
scription (36). APC/C-mediated activation of CBP/p300 was
found to regulate acetyltransferase activity of CBP/p300. In this
study, we show that WD40 repeat containing protein Cdc20
modulates the APC/C-CBP/p300 complex to regulate the tran-
scription of UBCH10 gene.

EXPERIMENTAL PROCEDURES

Cell Culture, Synchronization, Drug Treatment, and
Transfection—Human cell lines HeLa and HCT116 were pur-
chased from the American Type Culture collection (Manassas,
VA). UPCI:SCC084 and UPCI:SCC104 cells were kind gifts
from Dr. Susanne M. Gollin (University of Pittsburgh). HepG2
cells were kindly provided by Dr. S. Adhya (Indian Institute of
Chemical Biology, India). All the cell lines were cultured in
Dulbecco’smodified Eagle’smedium (DMEM; Invitrogen) sup-
plemented with 10% fetal calf serum and antibiotics (1% Pen-
Strep glutamine and 0.006% gentamicin, Invitrogen) in a 37 °C
incubator under a 5% CO2 atmosphere. For cell synchroniza-
tion, cells were treated with cold thymidine (2.5 mM; United
States Biochemical, Cleveland, OH) for 16 h followed by an 8-h
release. The thymidine treatment was repeated for another
22 h. Following this double thymidine block, cells were released
in thymidine-free complete medium and harvested at various
time points. For mitotic arrest, cells were treated with nocoda-
zole (100 ng/ml; Sigma) for 16 h before harvesting. The protea-
somal inhibitor MG115 (Sigma) was added 5 h before harvest-
ing at a final concentration of 25 �M. Transient transfections

were done with various plasmids and siRNA constructs in dif-
ferent cell lines using Lipofectamine 2000 reagent (Invitrogen)
according to themanufacturer’s protocol. Except in case of syn-
chronization experiments, all transient transfections were per-
formed either for 48 h (expression analysis) or for 72 h (siRNA
analyses). The siRNA transfection of synchronized cells was
done 4 h before the first thymidine addition.
Plasmids and siRNA Constructs—UBCH10 promoter re-

gions were amplified from human genomic DNA with the
primers listed in supplemental Table S1. The amplified regions
were cloned into the linearized pTZ57R/T (Fermentas, Lithua-
nia) by the T/A cloning method. The fragments were then sub-
cloned into luciferase reporter vector pGL3 basic (Promega,
Madison,WI) using restriction enzymes SacI andHindIII (New
England Biolabs, Beverly, MA). The full-length FLAG-tagged
Cdc20 expression plasmid pCDNA5/FRT/TO FLAG-CDC20
was a kind gift from Dr. Jonathon Pines (Gurdon Institute,
Cambridge, UK). Another full-length Cdc20 expression plas-
mid pJS55/hCDC20 was a kind gift fromDr. Joan V. Ruderman
(HarvardMedical School, Boston). Del N and Del Cmutants of
Cdc20 in pEGFP-N3 were a gift from Dr. J. Weinstein (Amgen,
Thousand Oaks, CA). hTERT-luciferase expression plasmid
was a kind gift from Dr. Riccardo Dalla-Favera (Columbia Uni-
versity, New York). Various siRNA constructs directed against
Cdc20 (sc-36160, Santa Cruz Biotechnology, used in Figs. 1, C
andD, 2,D and E, 4F, and 5,A andC, and supplemental Fig. S6;
catalog no. AM 16706, Ambion (Austin, TX) used in Figs. 1, E
and G, 2G, and Fig. 6, B and C, and supplemental Fig. S7),
UbcH10 (Santa Cruz Biotechnology), Cdc27 and Mad2 (Santa
Cruz Biotechnology), and scrambled control (Ambion) were
used at a final concentration of 80 nM.
Quantitative Real Time PCR—Total RNA from cell lines was

isolated using TRIzol (Invitrogen) according to manufacturer’s
protocol. Five micrograms of isolated RNA was treated with
DNase (Promega, Madison) in a total volume of 10 �l, and 2 �l
of this mixture was used for cDNA preparation using random
hexamer and MMLV-RT (Promega, Madison). Real time PCR
was performed on the 7500 Fast Real Time PCR system
(Applied Biosystems, Foster City) using power SYBR Green
PCRmaster mix (Applied Biosystems, Foster City). Primer sets
for CDC20, UBCH10, BUB3, and GAPDH are listed in supple-
mental Table S2. The comparative threshold cycle method
(��Ct) was used to quantify relative amounts of product tran-
scripts with GAPDH as endogenous reference control.
Western Blotting and Antibodies—The whole cell lysate or

the immunocomplexes were resolved by SDS-PAGE (6–12%
gel) and transferred onto a PVDF membrane (Millipore, Bil-
lerica,MA). Various primary antibodies used aremousemono-
clonal Cdc20 (E-7, Santa Cruz Biotechnology), mouse mono-
clonal FLAG (Sigma), rabbit polyclonal UbcH10 (Upstate,
Billerica, MA), mouse monoclonal Mad2, goat polyclonal
BubR1, Bub3, and Cdc27 (Santa Cruz Biotechnology), mouse
monoclonal CBP (SantaCruz Biotechnology),mousemonoclo-
nal cyclin B1 (Cell Signaling Technology, Beverly, MA), and
mouse monoclonal �-tubulin and �-actin antibody (Sigma).
Bands were detected using SuperSignal West Pico chemilumi-
nescent substrate (Thermo Scientific, Rockford, IL) after treat-
ing with HRP-conjugated secondary antibody (Sigma).
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Luciferase Assay—After transfection and/or treatment, cells
were washed with phosphate-buffered saline (PBS) and subse-
quently lysed with luciferase cell culture lysis buffer supplied
with the luciferase assay kit (Promega, Madison, WI). After a
short vortex, whole cell lysates were centrifuged at 4 °C at
13,000 rpm for 2 min, and 15–30 �l of supernatants was mixed
with 30–60 �l of luciferase assay substrate. Luminescence was
measured as relative luciferase unit in a GLOMAX luminome-
ter (Promega). Total protein concentration in each lysate was
measured by protein assay reagent (Bio-Rad) and then used to
normalize the luciferase activity of each lysate. Each assay was
performed in duplicate and repeated three times. Fold acti-
vation values were calculated as mean of three separate
experiments.
Chromatin Immunoprecipitation (ChIP) Assay—Sonicated

genomic DNA (Bioruptor, Diagenode, NJ) was subjected to
ChIP assay using Quick ChIP kit from Imgenex Corp. (San
Diego). Immunoprecipitation was carried out with 10 �g each
of antibodies specific for RNA pol II, Cdc20, CBP, p300, Cdc27,
andMad2 (Santa Cruz Biotechnology), acetyl-histone H3 (Lys-
9/Lys-14) (Cell Signaling Technology), and normal IgG control
(Sigma). PCR amplification of immunoprecipitated chromatin
was done using primers indicated in the Table S3.
Co-immunoprecipitation Assay—HepG2 cells, transiently

transfected with Cdc20/negative control siRNA, were washed
with PBS and resuspended in 50 mM Tris (pH 7.5), 15 mM

EDTA, 150 mM NaCl, 0.1% Triton X-100, 0.01% SDS buffer
containing protease inhibitor mixture (Sigma). The cells were
lysed by freeze-thaw cycle, and the supernatants were incu-
bated overnight with antibodies specific for Cdc20, Cdc27, and
CBP (Santa Cruz Biotechnology). Normal IgG (Sigma) was
taken as a control for immunoprecipitation. The antibody-pro-
tein complex was precipitated with protein-G-Sepharose beads
(Bangalore Genei, Bangalore) and washed, and subsequently
the protein complex was eluted by SDS-lysis buffer. The eluted
samples were then processed for Western blot analysis with
antibodies specific for either Cdc20 or Cdc27 or CBP (Santa
Cruz Biotechnology).
Determination of Mitotic Index—Synchronized HepG2 cells

were treatedwith nocodazole (100 ng/ml) for various time peri-
ods (as mentioned in respective cases). Cells were fixed with
ice-cold acetomethanol (1:1) and stained with 4,6-diamidino-
2-phenylindole (DAPI) (Invitrogen). Frequencies of mitotic
cells were counted under a fluorescencemicroscope (Leica DM
3000, Leica Microsystems, Heerbrugg, Switzerland) among
200–300 cells each time. Mitotic index was calculated as mean
of three separate experiments.
FACSAnalysis—Cellswere synchronized by thymidine treat-

ment, and after release, �106 cells were harvested at respective
time points, washed twicewith PBS, and resuspended in 0.25ml
of cold PBS. Cells were fixed by adding 2ml of cold 70% ethanol
dropwise into the samples while vortexing gently and then
incubated at 4 °C for a minimum of 24 h. After fixation, cells
were washed twice with PBS and resuspended in 1 ml of PBS
containing 100 �g/ml propidium iodide (Sigma) and 20 �g/ml
RNase A (Invitrogen). Fixed cells were kept at room tempera-
ture for 40 min and then analyzed by FACS (FACSARIATM III,
BD Biosciences).

Bioinformatic Analysis—The dataset of overexpression of
Cdc20 and UbcH10 in primary tumors was obtained from
Oncomine 4.3 research edition database. Cancer versus normal
datasets of Cdc20 overexpression with fold change between�2
and �50 (p value �0.05) were selected. Corresponding values
of fold change of UbcH10 overexpression were taken from
these datasets. Correlation between Cdc20 and UbcH10 ex-
pression was calculated using Wessa.Net-Free statistics and
forecasting software (Calculators) version 1.1.23-r6.

RESULTS

UbcH10 Expression Is Correlated with Cdc20 Expression—
An initial clue to the fact that Cdc20might regulate the expres-
sion of UbcH10 came from the observation that both primary
tumors and cancer cells expressing high levels of Cdc20 also
had higher levels of UbcH10 (supplemental Figs. S1 and S2, A
andB). This led us to examine the effect of ectopic expression of
Cdc20 on UbcH10 expression. Up-regulation of UbcH10 was
noticed both at the mRNA and protein levels upon increasing
Cdc20 expression in HepG2 and UPCI:SCC084 cells (Fig. 1, A
and B; supplemental Fig. S3, A and B). Conversely, Cdc20
knockdown significantly lowered the expression of UbcH10 in
HepG2 cells (Fig. 1, C and D). Under both conditions, Mad2,
Bub3, and BubR1 and other important SAC components
remained unaltered (see Fig. 1,A–D). To rule out the possibility
of the off-target effect of siRNA sequence, we performed the
rescue experiment using another siRNA froma different source
(see under “Experimental Procedures”). As shown in Fig. 1E,
the ectopic expression of Cdc20 rescued the level of UbcH10
even in Cdc20 knockdown conditions. The specificity of the
effect of Cdc20 on UbcH10 expression was also indicated from
the observation that knockdownofUbcH10 did not alter Cdc20
expression (Fig. 1F). To eliminate the possibility of the decrease
in UbcH10 level due to protein degradation, Cdc20 siRNA
transfected HepG2 cells were treated with or without the pro-
teasomal inhibitorMG115.As shown in Fig. 1G, treatmentwith
MG115 failed to restore theUbcH10 protein level. In summary,
these results suggest that Cdc20 positively regulates the expres-
sion of UbcH10.
Cdc20 Positively Regulates the Transcription of UBCH10—

Toaddress the possibility thatCdc20 regulatesUbcH10 expres-
sion at the transcription level, we cloned a 694-bp upstream
region of the UBCH10 gene (NM_007019.2, �694 to �39 nt),
including the transcription start site into a luciferase assay vec-
tor pGL3 basic (pSN1, Fig. 2A). A dose-dependent increase in
luciferase activity was observed upon co-transfection of pSN1
with Cdc20 expression vector pCDNA5-FLAG-CDC20 in
HepG2 cells (Fig. 2B). However, a similar effect of Cdc20 was
not observed with the UBCH10 promoter construct that con-
tains the same sequence in reverse orientation (pSN4, sup-
plemental Fig. S4). The up-regulation of UBCH10 promoter-
driven luciferase (pSN1) activity was also observed in
nocodazole-treatedHepG2 cells with the concomitant increase
in Cdc20 level (Fig. 2C).
The specificity of theCdc20-mediated activation ofUBCH10

promoter was established from the following observations: (a)
knockdown of Cdc20 down-regulated UBCH10 promoter
activity in HepG2 cells (Fig. 2D). However, under this condi-
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tion, the activity of hTERT promoter remained unaltered (Fig.
2D). (b) Up-regulation of the UBCH10 promoter activity was
not observed in nocodazole-treated HepG2 cells upon Cdc20
knockdown (Fig. 2E). It is to be noted that Cdc20 knockdown
led to the mitotic arrest of HepG2 cells similar to that of
nocodazole treatment as revealed by the FACS analysis (sup-
plemental Fig S7B) as well as stabilization of cyclin B1 (supple-
mental Fig S7C). (c) Finally, knockdown of Mad2 did not affect
the UBCH10 promoter activity (Fig. 2F). Interestingly, the
apparent down-regulation of UbcH10 in Cdc20-depleted cells

was unaffected by eliminating SAC via co-depletion of Mad2
(Fig. 2G).
Deletion analysis of theUBCH10 promoter revealed that the

sequence between the �322 to �142 nt of the transcription
start sitewas required to conferCdc20 response of theUBCH10
promoter (Fig. 3A). The WD40 repeat region of Cdc20 (255–
355 amino acids) is required for various protein-protein inter-
actions (37). We investigated the possibility of this WD40
region playing any role in the transcriptional regulatory func-
tion of Cdc20. Toward that end, we used both the N-terminal

FIGURE 1. Cdc20 positively regulates UbcH10 expression. A, ectopic expression of Cdc20 up-regulates endogenous UbcH10 mRNA. HepG2 cells were
transiently transfected with 0, 500, and 1000 ng of pCDNA5-FLAG-CDC20 expression plasmids. Total RNA was isolated and reverse-transcribed. cDNAs were
subjected to quantitative real time PCR (qPCR) using primers for CDC20, UBCH10, and BUB3. Relative expression values were normalized to the G3PDH
transcripts levels. The data represent three independent determinations (average � S.E.). B, ectopic expression of Cdc20 up-regulates endogenous UbcH10
protein. HepG2 cells were transiently transfected with 0, 250, 500, and 1000 ng of pCDNA5-FLAG-CDC20 expression plasmids, and cell extracts were prepared
followed by Western blot analysis with antibodies against FLAG, UbcH10, Mad2, and �-actin. C, knockdown of Cdc20 down-regulates endogenous UbcH10
mRNA. HepG2 cells were transiently transfected with either siRNA oligos against Cdc20 mRNA or scrambled siRNA oligo as control. Total RNA was isolated and
reverse-transcribed. cDNAs were subjected to quantitative real time (RT)-PCR using primers for CDC20, UBCH10, and MAD2. Values were normalized to the
values of G3PDH transcripts. The data represent three independent determinations (average � S.E.). D, knockdown of Cdc20 down-regulates endogenous
UbcH10 protein. HepG2 cell extracts from Cdc20 siRNA-transfected cells were prepared followed by Western blot analysis with antibodies against Cdc20,
UbcH10, BubR1, Bub3, and Mad2 and �-actin. E, rescue of UbcH10 down-regulation in Cdc20 knockdown cells. HepG2 cells were transiently transfected with
either siRNA oligos to Cdc20 mRNA or scrambled siRNA oligo as control. One set of Cdc20 siRNA-treated cells was transfected with pCDNA5-FLAG-CDC20. Cell
extracts were prepared followed by Western blot analysis with antibodies against Cdc20, UbcH10, and �-actin. F, decreased UbcH10 expression in HepG2 cells
does not alter Cdc20 expression. HepG2 cells were transiently transfected with siRNA oligos to UbcH10 mRNA or scrambled siRNA oligo as control. Cell extracts
were prepared followed by Western blot analysis with antibodies against UbcH10, Cdc20, and �-actin. G, alteration of UbcH10 expression by Cdc20 is not due
to proteasomal degradation. HepG2 cells were transiently transfected with siRNA oligos to Cdc20 mRNA or scrambled siRNA oligo as control and treated with
proteasomal inhibitor drug MG115. Cell extracts were prepared followed by Western blot analysis with antibodies against Cdc20, UbcH10, and �-actin.

Cdc20 Regulates UbcH10 Transcription

MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 15669

http://www.jbc.org/cgi/content/full/M110.160671/DC1
http://www.jbc.org/cgi/content/full/M110.160671/DC1
http://www.jbc.org/cgi/content/full/M110.160671/DC1
http://www.jbc.org/cgi/content/full/M110.160671/DC1


FIGURE 2. Cdc20 up-regulates transcription of UBCH10. A, map of UBCH10 promoter regions used for luciferase reporter assay. pSN1 construct contains the
�694 to �39 region of UBCH10 gene cloned into pGL3 basic vector. Two deletion constructs, pSN2 and pSN3, contain the �322 to �39 and �142 to �39
regions of the UBCH10 gene, respectively. B, ectopic expression of Cdc20 up-regulates UBCH10 promoter activity. HepG2 cells were transiently co-transfected
with pSN1 (100 ng) along with 0, 250, and 500 ng of pCDNA5-FLAG-CDC20. Protein lysates were prepared for luciferase assay. The data represent three
independent determinations (average � S.E.). Lysates were also subjected to Western blot analysis with antibodies against FLAG and �-actin. C, mitotic arrest
activates the UBCH10 promoter and increases in Cdc20 protein. HepG2 cells were transiently transfected with pSN1 (100 ng) and treated with the spindle-
disrupting drug nocodazole (100 ng/ml). Protein lysates were prepared for luciferase assay. The data represent three independent determinations (average �
S.E.). Lysates were also subjected to Western blot analysis with antibodies against Cdc20 and �-actin. D, knockdown of Cdc20 suppresses activity of UBCH10 but
not of hTERT promoter. HepG2 cells were transiently co-transfected with pSN1 (100 ng) or hTERT promoter luciferase plasmid (100 ng) and siRNA oligos
directed against Cdc20 mRNA or scrambled siRNA as control. Protein lysates were prepared for luciferase assay. The data represent three independent
determinations (average � S.E.). Lysates were also subjected to Western blot analysis with antibodies against Cdc20 and �-actin. E, nocodazole treatment does
not have any effect on UBCH10 promoter activity upon Cdc20 knockdown. HepG2 cells were transiently co-transfected with pSN1 (100 ng) and siRNA oligos
directed against Cdc20 mRNA or scrambled siRNA oligo as control and treated with or without nocodazole. Protein lysates were prepared for luciferase assay.
The data represent three independent determinations (average � S.E.). F, Mad2 knockdown does not alter UBCH10 promoter activity. HepG2 cells were
transiently co-transfected with pSN1 (100 ng) and siRNA oligos directed against Mad2 mRNA or scrambled siRNA oligo as control. Protein lysates were prepared
for luciferase assay. The data represent three independent determinations (average � S.E.). Lysates were also subjected to Western blot analysis with
antibodies against Mad2 and �-actin. G, SAC does not influence Cdc20-mediated regulation of the UBCH10 promoter activity. HepG2 cells were transiently
co-transfected with pSN1 (100 ng) and siRNA oligos directed against Cdc20 mRNA or Mad2 mRNA or scrambled siRNA oligo as control. Protein lysates were
prepared for luciferase assay. The data represent three independent determinations (average � S.E.).
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deletion (�1–167 amino acids) and C-terminal deletion
(�168–499 amino acids) constructs of the CDC20 gene to test
for their ability to induce UBCH10 promoter activity (Fig. 3B)
(38). Co-transfection of either of these deletion constructs with
pSN1 showed that the WD40 region containing Del N con-
struct (Del N-CDC20) resulted in up-regulation of promoter
activity, although there was no change in luciferase activity
upon transfection of the Del C construct (Del C-CDC20) that
lacks the WD40 domain (Fig. 3C). These results suggest that
Cdc20 regulates transcription ofUBCH10, a hitherto unknown
function of Cdc20, and that the WD40 region of Cdc20 is
required in this transcription regulation function.
Cdc20 Interacts with UBCH10 Promoter in Vivo and Pro-

motes Chromatin Remodeling—We next determined whether
Cdc20 was present in the transcription complex on the
UBCH10 promoter by chromatin immunoprecipitation (ChIP)
assay. ChIP analysis using primers between �322- and �39-nt

region showed that Cdc20 was physically present on the
UBCH10 promoter in bothHepG2 andUPCI:SCC104 cell lines
(Fig. 4, A and B). The specificity of Cdc20 recruitment to the
UBCH10 promoter was established by the following experi-
ments: (a) there was no amplification of the immunoprecipi-
tated DNA using primers from the flanking regions of the
UBCH10 promoter (supplemental Fig. S5A); (b) no amplifica-
tion from the immunoprecipitated DNA was observed using
primers from the promoter of an unrelated gene TYR
(NM_000372.3) (supplemental Fig. S5B), and (c) quantitative
ChIP PCR analysis revealed a dose-dependent increase in
Cdc20 recruitment to the UBCH10 promoter (supplemental
Fig S5C).
We also observed recruitment of CBP/p300 to the UBCH10

promoter by ChIP assay (Fig. 4, B and C). Interestingly, there is
a report that the APC/C and CBP/p300 cooperate to regulate
transcription (36, 39). Therefore, we examined the recruitment
of APC/C to UBCH10 promoter in HepG2 cells. ChIP assay
using antibody against Cdc27, a subunit of APC/C (40),
revealed the presence of the same on the UBCH10 promoter
(Fig. 4C). We also performed ChIP assay using anti-Mad2 anti-
body to exclude the presence of MCC on the UBCH10 pro-
moter (Fig. 4D). Finally, we showed that there was increased
acetylation of histone H3 lysine 9/14 of theUBCH10 promoter
upon ectopic expression of Cdc20 (Fig. 4E). On the contrary,
Cdc20 down-regulation resulted in decreased acetylation of the
sameon theUBCH10promoter (Fig. 4F). All these observations
suggest that recruitment of Cdc20 together with APC/C and
p300/CBP causes chromatin remodeling to activate the
UBCH10 promoter.
Cdc20 Activates UBCH10 by Modulating Transcriptional

Activity of APC/C-CBP/p300 Complex—It has been reported
earlier that APC/C-CBP/p300 complex can regulate the tran-
scription of a gene (36). To investigate the possibility that tran-
scription activity of the APC/C-CBP/p300 complex might be
regulated by Cdc20, co-immunoprecipitation experiment was
done to assess the APC/C-CBP/p300 interaction upon knock-
down of Cdc20. As expected, Cdc20 knockdown resulted in the
lowering of its interaction with both APC/C and CBP (supple-
mental Fig. S6). Intriguingly, Cdc20 knockdown also led to a
decrease in Cdc27-CBP interaction (Fig. 5A). Furthermore,
ChIP data revealed reduced recruitment of CBP and Cdc27 on
the UBCH10 promoter upon knockdown of Cdc20 (Fig. 5B).
Our previous observation that Cdc27 is present on the
UBCH10 promoter (Fig. 4C) led us to examine the recruitment
of Cdc20 and CBP on theUBCH10 promoter upon knockdown
of Cdc27. ChIP data showed reduced recruitment of Cdc20 and
CBP on the same promoter under Cdc27 knockdown condi-
tions (Fig. 5C). Furthermore, analysis of the UBCH10 promot-
er-driven luciferase activity in Cdc27 siRNA-treated HepG2
cells showed lowering of UBCH10 promoter activity (Fig. 5D).
This down-regulation of the UBCH10 promoter activity in
Cdc27 siRNA-treated cells could not be restored by ectopic
expression of Cdc20 (Fig. 5E). Taken together, these data sug-
gested that Cdc20 modulates the association between APC/C
and CBP/p300 and Cdc20-APC/C-CBP/p300 complex posi-
tively regulates UBCH10 gene expression.

FIGURE 3. Characterization of Cdc20-responsive region on the UBCH10
promoter and involvement of WD40 repeats of Cdc20 in UBCH10 tran-
scription regulation. A, �322- to �142-nt region of the UBCH10 promoter is
required for Cdc20 response. HepG2 cells were transiently co-transfected
with 100 ng of each of two deletion constructs pSN2 or pSN3 and 0 or 250 ng
of pCDNA5-FLAG-CDC20 plasmid. Protein lysates were prepared for lucifer-
ase assay. The data represent three independent determinations (average �
S.E.). B, map of Cdc20 deletion constructs (DelC-CDC20 and DelN-CDC20) are
shown along with full-length CDC20 (GM1). WD40 repeat region is marked.
aa, amino acids. C, WD40 repeat region of Cdc20 is required for UBCH10 tran-
scription regulation. HepG2 cells were transiently co-transfected with pSN1
(100 ng) and 0 or 250 ng of GM1 or DelC-CDC20 or DelN-CDC20 construct.
Protein lysates were prepared for luciferase assay. The data represent three
independent determinations (average � S.E.).
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Cdc20 Regulates UbcH10 Expression in a Cell Cycle-specific
Manner—Finally, we investigated the cell cycle-specific regula-
tion of UbcH10 expression by Cdc20 in HepG2 cells. We fol-
lowed the expression of UbcH10 and Cdc20 in synchronized
cells after release from the G1 block (Fig. 6A). FACS analysis
showed cells were at G1 phase at 2 h and mostly at S and G2
phase at 8 h, which after completing cell division again returned
to G1 phase at 14 h after release from thymidine block (supple-
mental Fig. S7A). Quantitative RT-PCR as well asWestern blot
data showed that the expression of both the genes increased up
to 10 h from time of release and subsequently decreased with
time (Fig. 6, B and C, left panels). Interestingly, in Cdc20
siRNA-treated synchronized cells there was a concomitant
reduction of endogenous UbcH10 expression (Fig. 6, B and C,
right panels). We next examined the formation of the Cdc20-
APC/C complex in these synchronized cells. Time point co-
immunoprecipitation assay showed the association between
APC/C and Cdc20 increased as the cells proceeded toward
mitotic phase and decreased as it exits this phase (Fig. 6D).
Concordant with that, time point ChIP-qPCR assay showed
highest recruitment of Cdc20 on UBCH10 promoter when
APC/C-Cdc20 interaction was also high (Fig. 6E). This result
also shows the specificity of the Cdc20-UBCH10 promoter

interaction that follows the pattern of UbcH10 expression dur-
ing cell cycle. Together, these data revealed correlation be-
tween Cdc20 and UbcH10 expression and cell cycle-specific
regulation of physical interaction between Cdc20-APC/C with
UBCH10 promoter.
Finally, we investigated the effect of Cdc20-mediated regula-

tion ofUbcH10 expression onmitotic progression. Toward that
end, first we followed cyclin B1 degradation in synchronized
HepG2 cells overexpressing Cdc20 under nocodazole-treated
conditions (Fig. 6F, left andmiddle panels). Second, we checked
the effect of Cdc20 overexpression on cyclin B1 degradation
under UbcH10 knockdown conditions in nocodazole-treated
HepG2 cells (Fig. 6F, middle and right panels). Western blot
analysis showed degradation of cyclin B1 upon ectopic expres-
sion ofCdc20 even in nocodazole-arrestedHepG2 cells indicat-
ing overriding of mitotic arrest (Fig. 6F, left andmiddle panels).
However, UbcH10 knockdown blocked cyclin B1 degradation
even in Cdc20-overexpressingHepG2 cells (Fig. 6F,middle and
right panels). To examine the cellular effect of this Cdc20-me-
diated regulation of UbcH10 expression, we measured mitotic
index of synchronized HepG2 cells upon nocodazole treat-
ment. The data showed that the lowering of mitotic index by
Cdc20 overproduction was rescued by knockdown of UbcH10

FIGURE 4. Cdc20, APC/C, and CBP/p300 occupy UBCH10 promoter and cause chromatin remodeling. A, Cdc20 occupies the UBCH10 promoter in
UPCI:SCC104 cells. ChIP assay was done using antibodies specific for RNA pol II and Cdc20 and no antibody as control. Precipitated DNA was PCR-
amplified using primers encompassing �322- to �39-nt region of UBCH10 promoter relative to the transcription start site. B, Cdc20 and CBP occupy the
UBCH10 promoter in HepG2 cells. ChIP assay was performed using antibodies specific for RNA pol II, Cdc20, and CBP and normal IgG as control.
Precipitated DNA was PCR-amplified as indicated in A. C, APC/C is present on UBCH10 promoter in HepG2 cells. ChIP assay was performed using
antibodies specific for RNA pol II, Cdc20, CBP, p300, Cdc27, and normal IgG as control. Precipitated DNA was PCR-amplified as indicated in A. D, MCC is
not present on UBCH10 promoter. ChIP assay was performed using antibodies specific for RNA pol II, Cdc20, CBP, Mad2, and normal IgG as control.
Precipitated DNA was PCR-amplified as indicated in A. E, ectopic expression of Cdc20 enhances histone acetylation of the UBCH10 promoter. HepG2 cells
were transiently transfected with pCDNA5-FLAG-CDC20 or empty vector as control. Chromatin immunoprecipitation was done using antibodies
specific for RNA pol II, Cdc20-acetylated histone 3 (Lys-9/14), and normal IgG as control. Precipitated chromatin was estimated by quantitative real time
PCR. The results are expressed as percent of input. Bars represent mean � S.E. of two independent determinations from two separate chromatin
preparations. F, knockdown of Cdc20 reduces histone acetylation of UBCH10 promoter. HepG2 cells were transiently transfected with siRNA oligos to
Cdc20 mRNA or scrambled siRNA oligo as control. Precipitated DNA was PCR-amplified as indicated in A.
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(Fig. 6G; supplemental Fig. S8). Thus, these results suggest that
Cdc20 overexpression can drive mitotic slippage in a UbcH10-
dependent manner.

DISCUSSION
The Fizzy/Cdc20 family of conserved proteins are essential

for the activation ofAPC/C (41). The role ofCdc20 in recruiting
substrates to APC/C through their C-terminal WD40 domain
iswell established (13). In addition to substrate recruitment, the
N-terminal C box of Cdc20 was also found to trigger substrate
ubiquitination by APC/C (42, 43). Recently, in a genome-wide
siRNA screen, Cdc20 knockdown resulted in mitotic defects in
the cell (44). Thus, all the functions of Cdc20 are attributed to
proper mitotic progression during the cell cycle. Here, for the
first time we report a new function of Cdc20 as a novel tran-
scription regulator.We showed that a unique function ofCdc20

is its ability to positively regulate the expression ofmitotic ubiq-
uitin-conjugating enzyme, UbcH10, through its interaction
with APC/C and CBP/p300.
Initially, we observed a correlation between Cdc20 and

UbcH10 levels in several cancer cell lines and primary cancer
tissues. Cdc20 protein has a WD40 repeat domain in its C-ter-
minal region (13). It is known that WD repeats are involved in
various protein-protein interactions regulating an array of
functions, including chromatin remodeling and transcription
(45). Indeed, in a previous report, WD repeats containing
mitotic checkpoint proteins were implicated in transcriptional
repression during interphase (35). We used several strategies
to investigate whether Cdc20 has any role on regulation of
UbcH10 expression. First, we showed that both ectopic expres-
sion of Cdc20 and knockdown of endogenous Cdc20 specifi-

FIGURE 5. Cdc20 regulates APC/C-CBP/p300 interaction and influences their recruitment to the UBCH10 promoter. A, APC/C-CBP interaction is reduced
in HepG2 cells upon Cdc20 knockdown. HepG2 cells were transiently transfected with siRNA oligos to Cdc20 mRNA or scrambled siRNA oligo as control. Whole
cell extracts were immunoprecipitated (IP) with antibodies specific for Cdc27 or CBP or normal IgG. Immunocomplexes and input (20% of the whole cell
extracts) were probed with antibodies to the indicated proteins. WB, Western blot. B, APC/C and CBP recruitment to the UBCH10 promoter is reduced upon
Cdc20 knockdown. HepG2 cells were transiently transfected with siRNA oligos to Cdc20 mRNA or scrambled siRNA as control. ChIP assay was done using
antibodies specific for Cdc20, Cdc27, and CBP and normal IgG as control. Precipitated DNA was PCR-amplified using primers encompassing �322- to �39-nt
region of the UBCH10 promoter relative to the transcription start site. C, Cdc20 and CBP recruitment to the UBCH10 promoter is reduced upon Cdc27
knockdown. HepG2 cells were transiently transfected with siRNA oligos to Cdc27 mRNA or scrambled control. ChIP assay was performed using antibodies
specific for Cdc20, Cdc27, and CBP and IgG control. Precipitated DNA was PCR-amplified using primers as indicated in B. D, knockdown of Cdc27 suppresses
UBCH10 promoter activity. HepG2 cells were transiently co-transfected with pSN1 (100 ng) and siRNA oligos directed against Cdc27 mRNA or scrambled siRNA
as control. Protein lysates were prepared for luciferase assay. The data represent three independent determinations (average � S.E.). Lysates were also
subjected to Western blot analysis with antibodies against Cdc27 and �-actin. E, ectopic expression of Cdc20 does not activate UBCH10 promoter in Cdc27
knockdown cells. HepG2 cells were transiently co-transfected with pSN1 (100 ng) and pCDNA5-FLAG-CDC20 and/or siRNA oligos directed against Cdc27 mRNA
or scrambled control. Protein lysates were isolated for luciferase assay. The data represent three independent determinations (average � S.E.). Lysates were
also subjected to Western blot analysis with antibodies against FLAG, Cdc27, and �-actin.
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cally altered the endogenousUbcH10 levels in various cell lines.
Second, using a promoter-reporter assay we established that
Cdc20 transcriptionally activates the UBCH10 promoter.
Finally, through ChIP assay we provided evidence that Cdc20
was physically interacting with the UBCH10 promoter. More-

over, we found that the Cdc20-responsive element resides
between �322- and �142-nt region ofUBCH10 promoter.We
also found that the WD repeat region of Cdc20 is required
for this UbcH10 transactivation. Chromatin remodeling is
widely associated with transcriptional regulation of genes (46).
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Here, the ChIP data revealed acetylation-mediated chromatin
remodeling during the activation of UbcH10 expression by
Cdc20.
To investigate the possibility of co-activators being asso-

ciated with Cdc20-mediated transcriptional regulation of
UBCH10, we found the recruitment of CBP/p300 and
APC/C in the same upstream region of the UBCH10 pro-
moter. The CBP/p300 proteins act as transcriptional co-ac-
tivators and regulate transcription of a number of genes
through a variety of ways (47). First, they act as a bridge
connecting different transcription factors to the transcrip-
tion apparatus. Second, they nucleate the association of
diverse cofactor proteins into multicomponent transcrip-
tion complexes. Finally, histone acetyltransferase activity of
CBP/p300 influences transcription by modulating nucleo-
somal chromatinization. In a previous report, APC/C and
CBP/p300 were shown to regulate transcription coopera-
tively (36, 39). It was shown that APC/C interacts with and
promotes the acetyltransferase activity of CBP/p300 and
activates transcription. APC/C is well known to regulate cell
cycle progression through its E3 ubiquitin ligase activity (4).
Besides the ubiquitin ligase activity of APC/C was also found
to regulate neuronal morphogenesis and connectivity (48).
Thus, cell cycle-dependent and -independent functions of
APC/C are now emerging (49, 50). Co-immunoprecipitation
data showed decreased CBP/p300-APC/C interaction under
Cdc20 knockdown conditions. Also, ChIP data revealed
lower recruitment of CBP/p300 and APC/C on the UBCH10
promoter under Cdc20 knockdown conditions. Collectively,
these data indicate that Cdc20 up-regulates UBCH10 tran-
scription through APC/C-CBP/p300 transcription complex,
and its presence actually promotes the formation of the tran-
scription complex and their subsequent recruitment to the
UBCH10 promoter (Fig. 7). However, as neither Cdc20 nor
APC/C has any known DNA binding domain, it remains to
be seen how APC/CCdc20 is directed to a specific promoter.
Cell cycle-regulated expression of both Cdc20 and

UbcH10 has been documented with the highest expressions
at mitotic phase, which is consistent with their role during

mitosis (11–13). Interestingly, our results suggest that this
correlated expression of UbcH10 during the progression of
the cell cycle is regulated by the expression of Cdc20. We
found knockdown of Cdc20 affected endogenous UbcH10
expression as the cells proceeded through G2 to mitotic
phase. Time course co-immunoprecipitation data revealed
increased association between APC/C and Cdc20 at these
phases of the cell cycle. Consistent with this observation,
ChIP qPCR data suggest that recruitment of Cdc20 on the
UBCH10 promoter was dictated by its physiological level.
We propose that cell cycle-specific regulation of UbcH10
expression by Cdc20 is required tomaintain a threshold level
of both proteins, which in turn would ensure proper execu-
tion of mitotic progression. To validate such a notion, we
examined the degradation pattern of cyclin B1, which is a
protein marker for studying the mitotic progression. As
reported earlier, Cdc20 overproduction showed mitotic slip-
page even in nocodazole-arrested cells (18). Here, we report
this mitotic slippage to be UbcH10-dependent as UbcH10
down-regulation resulted in stabilization of cyclin B1 degra-
dation even in Cdc20-overexpressing cells. In light of our
findings, there are two nonexclusive interpretations as fol-
lows: 1) where the UbcH10 dependence reflects coordinated
function of these enzymes in proteolysis; 2) the possibility
that Cdc20-mediated up-regulation of UbcH10 also con-

FIGURE 6. Cdc20 regulates UbcH10 expression in a cell cycle-specific manner. A, schematic diagram of cell synchronization procedure. Transfection,
thymidine addition, and different incubation times are shown. B, cell cycle-specific correlation between Cdc20 and UbcH10 mRNA expression. HepG2
cells were transiently transfected with siRNA oligos to Cdc20 mRNA or scrambled control and synchronized by double thymidine block as shown in A.
Total RNA was isolated from cells at every 2-h interval from the time of the second thymidine release up to 14 h and reverse-transcribed. cDNAs were
subjected to quantitative real time PCR (qPCR) using primers for CDC20 and UBCH10. Relative expression values were normalized to the G3PDH transcript
levels. The data represent three independent determinations (average � S.E.). C, cell cycle-specific correlation between Cdc20 and UbcH10 expression
at the protein level. HepG2 cells were transiently transfected with siRNA oligos to Cdc20 mRNA or scrambled control and synchronized by double
thymidine block as shown in the schematic (A). Protein lysates were prepared with cells at every 2-h interval from the time of the second thymidine
release up to 14 h and subjected to Western blot analysis with antibodies against Cdc20, UbcH10, and �-actin, respectively. D, Cdc20-APC/C interaction
is cell cycle-specific. HepG2 whole cell extracts were immunoprecipitated (IP) with antibodies specific for Cdc27 or normal IgG. Immunocomplexes and
inputs (20% of the whole cell extracts) were probed with antibodies to the indicated proteins by Western blot (WB) analysis. E, Cdc20 recruitment to
UBCH10 promoter is cell cycle-specific. HepG2 cells were synchronized by double thymidine block, and cells were harvested at 2, 8, and 14 h. from the
time of second thymidine release. ChIP analysis was performed by qPCR using primers designed to amplify sequences between the �322- and �39-nt
region relative to the transcription start site. The results shown are the percent of input where immunoprecipitations were performed using either
control IgG and antibody against Cdc20. Bars represent mean � S.E. of two independent determinations from two separate chromatin preparations. F,
co-regulated expression of Cdc20 and UbcH10 influences metaphase to anaphase transition. HepG2 cells were synchronized by double thymidine
block, transiently transfected with pCDNA5-FLAG-CDC20, and treated with either siRNA oligos to UbcH10 mRNA or scrambled siRNA as control. After the
second thymidine release, these cells were treated with nocodazole and harvested at 10, 12, and 14 h after release (left panel). Cell extracts were
prepared followed by Western blot analysis with antibodies against cyclin B1, FLAG, UbcH10, and �-actin. G, Cdc20-mediated regulation of UbcH10
influences mitotic progression. HepG2 cells were synchronized by double thymidine block, transiently transfected with pCDNA5-FLAG-CDC20, and
treated with either siRNA oligos to UbcH10 mRNA or scrambled siRNA as control. After the second thymidine release, these cells were treated with
nocodazole and fixed at 10, 12, and 14 h after release, stained with DAPI, and visualized under a fluorescence microscope. Frequencies of mitotic cells
were calculated as mitotic index. The data represent three independent determinations (average � S.D.).

FIGURE 7. Proposed model of Cdc20-mediated regulation of UbcH10
expression. Respective proteins are shown in different shapes. Ac stands for
acetylation of histones. The black line indicates UBCH10 promoter. UBCH10
gene is shown as rectangular box, and transcription start site is indicated at
“�1”. The thick black up arrow indicates transcriptional up-regulation from
UBCH10 promoter.
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tributes efficient degradation of metaphase to anaphase
inhibitors.
The results presented in this study have an important

implication in proper mitotic checkpoint function. Ubi-
quitination-mediated proteolysis of mitotic inhibitors and
thereby cell cycle progression largely depends on UbcH10. It
is known to act as E2 ubiquitin carrier protein together with
E3 ubiquitin ligase APC/C (27). Recently, another E2 mole-
cule, UBE2S, has been reported to elongate ubiquitin chain
preinitiated by UbcH10 (51–53). Overexpression of UbcH10
leads to chromosome missegregation and tumor formation
(54), whereas deactivation blocks the cells at metaphase (27).
Therefore, UbcH10 is a critical player of the ubiquitination
pathway associated with mitotic progression. Similarly,
deregulated expression of Cdc20 has been observed in many
cancer types. Cdc20 overexpression was found to cause
aneuploidization (18), and its expression was reported to be
regulated by tumor suppressor protein p53 (31). We hypoth-
esized that oncogenic function of overexpressed Cdc20 also
requires a higher level of UbcH10. Indeed the bioinformatic
analysis of the Oncomine data base strongly suggests corre-
lated overexpression of both the proteins in many tumor
types. Thus, the observation that Cdc20 regulates transcrip-
tion of UbcH10 in a cell cycle-dependent manner provides a
molecular basis of these findings. It could be speculated that
Cdc20 overexpression and thus UbcH10 up-regulation syn-
ergistically cause the onset of aneuploidy and oncogenicity.
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