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Abstract

The Anaphase Promoting Complex (APC) has been characterized to play pivotal roles in

regulating the timely cell cycle progression by forming two functionally distinct E3 ubiquitin

ligase sub-complexes, APCCdc20 and APCCdh1. Interestingly, recent studies have shown that Cdh1

is functioning as a tumor suppressor whereas Cdc20 may function as an oncoprotein to promote

the development and progression of human cancers. In this review, we will discuss the

physiological role of Cdc20 and its downstream substrates in vitro and in the transgenic mouse

model reminiscent of the pathogenesis of human cancers. Furthermore, we summarize recent

findings to indicate that Cdc20 may represent a promising therapeutic target, thus development of

Cdc20 inhibitors could be useful for achieving better treatment outcome of cancer patients.
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1. Introduction

Ubiquitination by the ubiquitin proteasome system (UPS) is a post-translational

modification that regulates the abundance of key cellular proteins, which controls various

cellular processes including cell proliferation, differentiation, cell apoptosis, cell cycle

progression, DNA damage repair, cell migration and senescence [1]. Thus far, two related,

multi-subunit E3 ubiquitin ligase enzymes, the Anaphase Promoting Complex (APC) and

the Cullin Ring (CRLs) ubiquitin ligases have been considered as the major driving forces

governing these cellular processes [2]. For example, the SCF (Skp1-Cullin1-F-box) complex

regulates entry into S phase by degradation of G1 CKIs (casein kinase I) and G1 cyclins [2].

APC has been found to play critical roles in regulating timely cell cycle progression in both
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the M and G1 phases [3]. Moreover, the APC is essential for chromosome segregation, as

well as exit from mitosis by degradation of its substrates including securin and mitotic

cyclins [3].

It is known that APC is activated by the substrate-recruiting module Cdc20 (cell division

cycle 20 homologue) and Cdh1 (also called Fzr1) [4]. These two activator proteins govern

the APC/C to interact with specific ubiquitin substrates for their subsequent degradation by

the 26S proteasome at different times during the cell cycle progression, thus governing cell

cycle forward in a unidirectional manner. Cdc20 can recruit substrates with the Destruction

Box (D-box) motif while Cdh1 recruits substrates with the D-box and/or KEN-box to the

APC core for ubiquitination [5]. It is important to note that Cdc20 and Cdh1 have different

functions during different phases of the cell cycle, in part by controlling the destruction of

various substrates of APC/C [5]. It has been well documented that Cdc20 consists of 499

amino acids with WD40 repeats at its C-terminus for protein binding, serving as the

substrate recognizing subunit of APC/C [6]. In addition to cell cycle control, accumulating

evidence has demonstrated that Cdc20 also plays an important role in the development and

progression of human cancers [7]. In the following paragraphs, we will mainly focus on the

recent literature regarding the novel function and regulation of Cdc20 in the pathogenesis of

human malignancies.

2. Downstream substrates of Cdc20

Cdc20 was discovered by Lee Hartwell around 40 years ago [8]. The elegant experiments

from the Hartwell group showed that Cdc20 mutants arrested cell division in mitosis and

failed to initiate anaphase and chromosome segregation [8]. Later on, further studies

suggested that Cdc20 contains seven WD40 repeats that play a critical role in mediating

protein-protein interactions [9]. So far, it has become clear that the activity of Cdc20 is to

activate APC/C during mitosis, leading to coordinated mitotic progression through the

orderly degradation of mitotic APC/C substrates.

Multiple studies from various groups have demonstrated that Cdc20 targets several key

substrates including Securin [10], Cyclin B1 [11; 12], Cyclin A [13; 14], Nek2A [15], p21

[16], and Mcl-1 [17] for degradation to govern cell cycle progression. For example, it has

been documented that APC/CCdc20 mediated the degradation of Cyclin A as cells enter

mitosis, whereas the spindle assembly checkpoint (SAC) delays the destruction of Cyclin B1

until the metaphase to anaphase transition [13]. Hames et al. reported that the centrosomal

kinase Nek2A is also destroyed upon entry into mitosis and coincides with Cyclin A

destruction [15]. Moreover, Shirayama et al. found that APC/CCdc20 promotes the exit form

mitosis in part via mediating the proteolysis of the anaphase inhibitor Pds1 (yeast homolog

of mammalian Securin) and the S phase cyclin Clb5 [12]. These results demonstrate that

APC/CCdc20 drives the exit from mitosis in part through degradation of Securin and mitotic

cyclins, leading to the necessary inactivation of mitotic Cdk. Recently, Harley et al. showed

that APC/CCdc20-mediated destruction of Mcl-1, which was phosphorylated by CDK1-

Cyclin B1 initiates apoptosis during mitotic arrest [17]. One elegant study from Pagano’s lab

demonstrated that APC/CCdc20 controls the ubiquitin-mediated degradation of p21, a well-

characterized CDK inhibitor, leading to the full activation of CDK1 necessary for mitotic
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events [16]. It is well characterized that p21 functions as a master effector of multiple tumor

suppressor pathways for promoting anti-proliferative activities, in part by inactivating Cdk-

dependent kinase activities [18]. The down-regulation of p21 expression has been observed

in a variety of human cancers. Therefore, Cdc20 might exert its anti-cancer activity partly

though degradation of p21 tumor suppressor protein.

Interestingly, Cdc20 has also been suggested to possess functions independently of the

APC/C [19]. Clarke et al. found that in budding yeasts, Mec1p and Rad53p repress the

accumulation of Cdc20 in S phase, thus avoiding premature entry into mitosis during the S

phase [19], suggesting that S-phase checkpoint governs mitosis through an APC-

independent Cdc20 function. Additionally, the Reed group has also found an APC-

independent pool of Cdc20 that are actively involved in regulating gene transcription [19].

However, further studies are required to investigate the detailed molecular mechanisms for

APC/C-independent function of Cdc20.

3. Upstream regulators of Cdc20

In recent years, most studies have focused on Cdc20 function and its downstream ubiquitin

targets; however, the upstream regulators of Cdc20 in human cancer progression are largely

undisclosed. Until recently, some studies began to reveal the identities of the upstream

Cdc20 regulators. To this end, several groups have found that multiple genes can regulate

Cdc20 expression. For example, Kidokoro et al. found that Cdc20 expression was

suppressed by ectopic over-expression of p53, whereas siRNA-mediated silencing of p53

induced Cdc20 [20], suggesting that Cdc20 is negatively regulated by p53. Furthermore,

inhibition of Cdc20 by siRNA induced G2/M cell cycle arrest and suppressed cell growth.

Moreover, this group observed that p53 inhibits tumor cell growth through regulation of

Cdc20 [20].

More importantly, multiple spindle checkpoint regulators have been discovered to inhibit

APCCdc20 activity. There are accumulated data indicating the central role of suppressing

APCCdc20 in the establishment and maintenance of the SAC that governs genomic stability.

For example, the spindle checkpoint protein Mad2 inhibited APCCdc20 activity by forming a

Mad2-Cdc20-APC complex to control anaphase initiation [21]. Later on, Luo et al.

confirmed this finding by investigating the solution structure of human Mad2 and its

interaction with Cdc20, which provides the structural insights into molecular mechanisms of

the SAC [22]. Additionally, Reimann et al. demonstrated that Emi1 (early mitotic inhibitor

1), a conserved F-box protein, governs mitosis through inhibition of the APC [23; 24]. The

elegant study from the Jackson group revealed that Emi1 could bind to Cdc20 as a pseudo-

Cdc20-substrate, subsequently rescues an Emi1-induced block to Cyclin B degradation [23].

Furthermore, an independent study has shown that budding yeast Bub 1 and Bub3 binds to

unattached kinetochores and blocks progression through mitosis by inhibition of APCCdc20-

mediated degradation of Pds1 and Cyclin B [25]. Interestingly, a groundbreaking study from

Dr. Elledge’s group identified that the deubiquitinating enzyme USP44 (ubiquitin-specific

protease 44) prevents the premature activation of the APC through stabilization of the APC-

inhibitory Mad2-Cdc20 complex [26]. USP44 deubiquitinates the Cdc20 and prevents the

APC-driven disassembly of Mad2-Cdc20 complex [26]. This work demonstrated the
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dynamic balance between ubiquitination by the APC and deubiquitination by USP44 to

control cells entry into mitosis.

In addition to the above described mechanisms, RASSF1A has been found to control

APCCdc20 activity as well [27]. It is known that RASSF1A is a tumor suppressor gene and is

frequently silenced due to its CpG hypermethylation within its promoter in a variety of

human cancers [28; 29]. In addition, RASSF1A can bind to NORE1 (novel Ras effector 1)

and MST1 (mammalian sterile 20-like 1), and subsequently contributes to cellular apoptosis

[30]. More importantly, RASSF1A is necessary for normal mitotic progression as it can

inhibit APC activity during mitosis [27]. Moreover, RASSF1A inhibits APCCdc20 and

prevent degradation of Cyclins A and B at the spindle poles [27]. As a possible feedback

mechanism, it has been recently reported that Aurora A controls prometaphase progression

through inhibition of the ability of RASSF1A to regulate APCCdc20 activity [31].

Notably, it has been discovered that the APC/C subunit Apc15 caused Cdc20 auto-

ubiquitination and promoted SAC inactivation [32]. Moreover, APC15 drives the turnover

of Cdc20 and MCCs (mitotic checkpoint proteins conplexes) on the APC/C to allow the

SAC to respond to the kinetochore attachment [33]. More importantly, in addition to

ubiqutination-dependent regulatory mechanism, Kim et al. recently found that Sirt2 (silence

information regulator 2) regulates APCCdc20 and APCCdh1 activities to maintain genome

integrity and subsequently suppress tumorigenesis [34], indicating a critical role of

acetylation-dependent regulation in modulating Cdc20 activities. Strikingly, it has been

found that both phosphorylation by CDK (cyclin-dependent kinase) and dephosphorylation

by protein phosphatase 2A are critical for the activation of the APCCdc20 [35]. These recent

findings altogether suggest that Cdc20 activity is subjected to multiple layers of tight

regulation in order to precisely control the SAC establishment and the ordered mitotsis

progression scheme.

Notably, two recent studies have indicated that microRNAs (miRNAs) could regulate Cdc20

expression [36; 37]. It is well known that miRNAs are small non-coding RNA molecules

with 21–25 nucleotides in length [38]. To exert their functions, miRNAs typically bind to

the 3′UTR (3′ untranslated region) of target mRNA, thus resulting in down-regulation of

gene expression via various mechanisms including translational repression, mRNA cleavage

and deadenylation [38]. Interestingly, some miRNAs have oncogenic activities, whereas

other miRNAs play anti-tumor activities in human cancers [39], depending on the specific

target mRNAs they suppress. In this regard, one miRNA could regulate the expression of

many genes, and one single gene could be controlled by multiple miRNAs [39]. Recently,

Lize et al. found that miR-449a could govern the expression of Cdc20B (a paralog of

CDC20) that contains the miR-449a encoding region within an intron [36]. In addition, the

expression of Cdc20B was found to be up-regulated when miR-449a levels sharply

increased [36]. In addition to miR-449a, miRNA-494 could also regulate Cdc20 expression

in human cholangiocarcinoma [37]. Given the central role of miRNA in regulating various

cellular functions including tumorigenesis, we believe that more miRNAs that may regulate

Cdc20 will be discovered in the near future.
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4. Cdc20-conditional knockout mice

Since Cdc20 RNAi failed to induce mitotic arrest in many studies [40], it is better to use the

transgenic mouse model to investigate the requirements for mitotic exit. The study by the

Zhang’s group has shown that lack of Cdc20 results in embryonic lethality at the two-cell

stage and display condensed chromosomes without separation of sister chromatids [41]. To

overcome this pitfall, Dr. Malumbres’s group created the Cdc20-conditional mutant mice

[42]. They observed that Cdc20 (+/−) mice are viable and fertile. In Cdc20-conditional KO

(knock out) mice, a tamoxifen-inducible form of the Cre recombinase (Cre-ERT2) is

expressed from the 3′-UTR of the RNA polymerase II gene (RERT allele), which facilitates

Cdc20 KO in adult animals upon administration of 4-hydroxytamoxifen (4-OHT) [42].

Moreover, this study has also shown that skin tumors were induced using two-stage

carcinogenesis protocol in Cdc20 (−/lox) mice expressing the inducible Cre recombinase

[42]. Tumors continue to grow in Cdc20 (+/lox); RERT(+/+) and Cdc20 (+/Δ); RERT(+/

Cre). However, tumors were arrested completely in Cdc20 (−/Δ); RERT (+/Cre) mice soon

after 4-OHT treatment. Moreover, in most cases these tumor cells contain abundant

apoptotic figures. In addition, depletion of Cdc20 led to a massive arrest of tumor cells in

metaphase-like stages [42].

Furthermore, to investigate the role of Cdc20 in aggressive fibrosarcomas, Manchado et al.

transfected RasV12 and E1A-expressing vectors to primary MEF (mouse embryonic

fibroblasts) and got the stable clones [42]. These cells after 4-OHT treatments had a mitotic

arrest at 24 hours, and most cells had apoptosis or stayed at metaphase at 48 hours.

However, 4-OHT treatments do not have any effect in Cdc20 (+/lox); RERT (+/Cre) cells

[42]. More importantly, Cdc20 (lox/lox); RERT (+/Cre) cells grew rapid and developed

fibrosarcomas in SCID mice within 10 days. 4-OHT treatments caused slightly increased in

tumor size. However, Cdc20 (Δ/Δ); RERT (+/Cre) tumors stopped growing and even

disappeared after 4-OHT treatment for 16 days [42]. These results coherently suggest that

elimination of Cdc20 led to complete regression of aggressive tumors in vivo, thereby

indicating Cdc20 as an attractive anti-cancer drug target.

5. Cdc20 is frequently over-expressed in human cancers

Consistent with the notion that Cdc20 may function as an oncoprotein, recent studies have

shown that Cdc20 is highly expressed in various types of human tumors. Jiang et al reported

that Cdc20 is over-expressed in breast cancer cells compared to normal mammary epithelial

cells [43]. Moreover, higher expression of Cdc20 was observed in breast tumors when

compared to the tissue surrounding the tumors in human breast cancer patient specimens

[43]. Cdc20 gene was also over-expressed in cervical cancer and in CIN3/CLS (cervical

intraepithelial neoplasia/carcinoma in situ) compared to both normal and CIN1/CIN2 [44].

Similarly, Cdc20 was up-regulated in glioblastomas and down-regulated in low-grade

gliomas [45]. Moreover, over-expression of Cdc20 was found to be highly corelated with the

development of glioblastomas, suggesting that Cdc20 could be a useful marker for the

identification of glioblastomas in biopsy [45]. In line with these results, high expression of

Cdc20 was tightly associated with a poor prognosis in epithelial ovarian tumors, indicating

that Cdc20 could be a biomarker for prognosis in ovarian cancer [46]. In accordance with
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these findings, it has also been observed that the over-expression of Cdc20 is a common

features of the urinary bladder cancer as demonstrated by whole genome microarrays [47].

Kim et al. reported that Cdc20 was over-expressed in more than 70% of gastric cancer

tissues, arguing that Cdc20 could represent a potential biomarker of human gastric cancer

[48]. Taken together, Cdc20 is often over-expressed in a majority of human cancers,

supporting its oncogenic role in promoting tumorigenesis, and thus Cdc20 is a legitimate

target of drug development for the treatment of human malignancies.

6. Over-expression of Cdc20 is correlated with clinicopathological

parameters

Recently, some studies have shown that increased Cdc20 expression is associated with

clinical progression in human cancers. For example, high expression of Cdc20 was observed

in primary Non-small cell lung cancer (NSCLC) patients [49]. Moreover, Cdc20 expression

was positively corelated with clinicopathological parameters. Specifically, higher expression

of Cdc20 was associated with male sex, pleural invasion, and pathological tumor status [49].

Interestingly, Cdc20 has been shown to be an independent prognostic factor in lung

adenocarcinoma patients, but not in squamous cell carcinoma patients. More importantly,

NSCLC patients with higher expression of Cdc20 have significantly shorter five-year

survival, suggesting that Cdc20 could be a biomarker for prognosis in NSCLC patients [49].

It has also been shown that the expression of Cdc20 was associated with the clinical stage of

epithelial ovarian tumor [46]. Cdc20 expression is more tightly associated with a poor

prognosis, suggesting that Cdc20 could be a biomarker in the prognosis for patients with

epithelial ovarian tumors [46]. In line with these reports, higher expression of Cdc20 in

pancreatic ductal adenocarcinoma (PDAC) tissues compared with normal pancreas and

chronic pancreatic tissues using microarray analysis and qRT-PCR analysis [50].

Surprisingly, it has no any significant association between higher expression of Cdc20 and

tumor size, tumor stage, and tumor metastasis [50]. However, this group showed that high

expression of Cdc20 was associated with poor differentiation and poor recurrence-free

survival rates in PDAC patients [50], indicating that Cdc20 could be useful as a prognostic

marker and therapeutic target in PDAC.

7. Cdc20 inhibitors

Since Cdc20 is over-expressed in human tumors and play an oncogenic role in

tumorigenesis, thus targeting Cdc20 by its inhibitors could be a novel strategy for the

treatment of human cancers. Although proteasome inhibitors can block APC-dependent

proteolysis, they simultaneously inhibit the destruction of many other substrates of the UPS

in a non-specific fashion. Therefore, it might be better to use Cdc20 specific inhibitors

instead to achieve targeted inhibition of APCCdc20 as an efficient anti-cancer therapeutic

approach. Along this line, multiple recent studies have reported several inhibitors that

suppress the expression of Cdc20. However, it is important to note that there are no specific

Cdc20 inhibitors available so far although a promising pan-APC inhibitor has been recently

discovered as discussed below.
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Zeng et al. have reported a small molecule inhibitor of APC, TAME (tosyl-L-arginine

methyl ester), which can bind to the APC and prevent its activation by Cdc20 and Cdh1

[51]. TAME is a mimetic of the IR motif that is involved in interaction with the APC core

complex, thereby it functions as a Cdc20 (and Cdh1) competitor to disrupt the IR-tail

dependent interaction between Cdc20 and the APC core complex [51]. Since TAME is not

cell permeable, Zeng et al. synthesized a TAME prodrug that called proTAME, which can

be processed by intracellular esterases to yield the parent compound inside the cell. The

evidence from this group further suggests that ProTAME induces mitotic arrest in the

absence of spindle damage in SAC dependent manner [51].

Recently, it has been independently found that NAHA, a novel hydroxamic acid-derivative,

could down-regulate the expression of Cdc20 in breast cancer cells, leading to the inhibition

of cell proliferation and colony formation [52]. Emerging evidence showed that NAHA

inhibited cell growth, adhesion, migration, and invasion in breast cancer cells. Moreover,

NAHA suppressed tumor volume and tumor weight in vivo [52]. For molecular mechanism

underlying NAHA-mediated anti-tumor activity, Jiang et al. observed that NAHA down-

regulated the expression of several genes including Cdc20, CDK2, uPA (urokinase-type

plasminogen activator), VEGF (vascular endothelial growth factor) and CD31 [52]. Using

cDNA microarray analysis, Jiang et al. further revealed that novel medicinal mushroom

blend inhibited breast cancer cell growth via suppression of multiple gene expressions

including Cdc20 [53]. Additionally, the same group also demonstrated that

ganodermanontriol (GDNT), a ganoderma alcohol from medicinal mushroom, inhibited cell

growth through down-regulation of Cdc20 in breast cancer cells [43]. Strikingly, GDNT

inhibited cell proliferation and colony formation, and also inhibited invasive behavior of

highly invasive breast cancer cells. Moreover, GDNT exerts these functions through down-

regulation of Cdc20, uPA and uPAR (urokinase-type plasminogen activator receptor)

expression [43]. Without a doubt, due to the key oncogenic roles of Cdc20 in tumorigenesis,

discovery and development of more specific Cdc20 inhibitors are important which will

benefit human caner patients in the near future.

8. Conclusion

In conclusion, Cdc20 may play a critical oncogenic role in the development and progression

of human cancers. More importantly, accumulating evidence showed that anti-mitotic

reagents including Taxol and Nocodazole, which have long been utilized as anti-cancer

therapies, could activate SAC presumably through inhibiting APCCdc20 [54]. In line with

this argument, it has been recently shown that Cdc20 knockdown caused a checkpoint-

independent mitotic arrest that subsequently kills cancer cells more effectively than spindle-

perturbing drugs, suggesting that targeting mitotic exit is a promising therapeutic option

[54]. In this sense, targeting the Cdc20 oncoprotein may be a better anti-cancer therapeutic

strategy than perturbing the spindle assembly by those standard spindle-perturbing drugs, in

part due to that fact that it can reduce the off-target and side effects. Therefore, development

of inhibitors that will specifically target Cdc20 could be a novel strategy for the treatment of

a broad spectrum of human cancers. One alternative strategy may be to target several

upstream genes that control Cdc20 expression, such as p53, RASSF1A, EMI1 and USP44.

Furthermore, we have discussed that TAME could function as APC/CCdc20 inhibitor to
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retard tumor cell growth, indicating that Cdc20 could represent a novel therapeutic target.

Interestingly, natural agents from mushroom were also found to inhibit Cdc20 expression in

breast cancers and because of its non-toxic nature, targeting Cdc20 by natural agents alone

or combined with conventional chemotherapeutics could be a promising approach for the

treatment of human malignancies. We sincerely hope that this review article would attract

significant attention by investigators in cancer research, and therefore stimulate further work

to explore the molecular mechanism(s) by which Cdc20 is involved in tumor development

and progression. We believe that these experimental evidences will also provide the

rationale for designing Cdc20 specific inhibitors as novel approaches to achieve better

clinical benefit in treating various types of human cancer patients.
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Figure 1. Illustrates pathways for APC/Ccdc20-mediated degradation of its major downstream
targets as well as the identified Cdc20 upstream regulators
The specific substrates of APC/Ccdc20 include Mcl-1, Cyclin A, Securin, p21, Cyclin B, and

Nek2A. Several upstream proteins such as p53, Aurora A, RASSF1A, Emi1, Sirt2, APC15,

and USP44, as well as various microRNAs including miR-449 and miR-494, have been

recently found to regulate the expression of Cdc20.
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