
Prostate cancer-associated mutation in SPOP impairs its ability 
to target Cdc20 for poly-ubiquitination and degradation

Fei Wu1,2, Xiangpeng Dai2, Wenjian Gan2, Lixin Wan2,3, Min Li4, Nicholas Mitsiades4, Wenyi 
Wei2, Qiang Ding1,*, and Jinfang Zhang2,*

1Department of Urology, Huashan Hospital, Fudan University, Shanghai, 200040, P.R. China

2Department of Pathology, Beth Israel Deaconess Medical Center, Harvard Medical School, 
Boston, MA 02215, USA

3Department of Molecular Oncology, H. Lee Moffitt Cancer Center and Research Institute, Tampa, 
FL 33612, USA

4Departments of Medicine and Molecular and Cellular Biology, Baylor College of Medicine, 
Houston, TX 77030, USA

Abstract

Recent studies revealed that mutations in SPOP (Speckle-type POZ protein) occur in up to 15% of 

patients with prostate cancer. However, the physiological role of SPOP in regulating prostate 

tumorigenesis remains elusive. Here, we identified the Cdc20 oncoprotein as a novel ubiquitin 

substrate of SPOP. As such, pharmacological inhibition of Cullin-based E3 ligases by MLN4924 

could stabilize endogenous Cdc20 in cells. Furthermore, we found that Cullin 3, and, to a less 

extent, Cullin 1, specifically interacted with Cdc20. Depletion of Cullin 3, but not Cullin 1, could 

upregulate the abudance of Cdc20 largely via prolonging Cdc20 half-life. Moreover, SPOP, the 

adaptor protein of Cullin 3 family E3 ligase, specifically interacted with Cdc20, and promoted the 

poly-ubiquitinaton and subsequent degradation of Cdc20 in a degron-dependent manner. 

Importantly, prostate cancer-derived SPOP mutants failed to interact with Cdc20 to promote its 

degradation. As a result, SPOP-deficient prostate cancer cells with elevated Cdc20 expression 

became resistant to a pharmacological Cdc20 inhibitor. Therefore, our results revealed a novel role 

of SPOP in tumorigenesis in part by promoting the degradation of the Cdc20 oncoprotein.
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1. Introduction

Ubiquitination is characterized as a critical type of post-translational modification that 

governs various important cellular processes including cell cycle and apoptosis, primarily 

through regulation of the protein abundance of key cell fate determining factors [1, 2]. Thus 

far, two related, multi-subunit E3 ubiquitin ligases, the Anaphase Promoting Complex 

(APC) and the Skp1-Cullin1-F-box complex (SCF) have been considered as the major 

driving forces governing cell cycle regulation and tumorigenesis [1–4]. In doing so, APC 

forms two functional sub-complexes APCCdc20 and APCCdh1 [5], by associating with two 

substrate adaptor proteins Cdc20 or Cdh1, respectively, to play critical roles in regulating 

both the M and G1 phases [6]. Cdc20 contains seven WD40 repeats for protein binding, 

serving as the substrate recognizing subunit of APC, recruiting substrates with the 

Destruction Box (D-box) motif [7]. However, besides Cdh1 [8], the upstream regulator(s) for 

APCCdc20 remain largely elusive.

Recent studies began to reveal that Cdc20 might possess oncogenic activity [9] and genetic 

ablation of Cdc20 blocks in vivo tumorigenesis, largely due to elevated cellular apoptosis 

[10]. Furthermore, depleting Cdc20 in various cancer cell lines also led to mitotic arrest 

followed by cell death [11]. These studies suggested that inhibiting APCCdc20 might lead to 

elevated cellular apoptosis, which advocates for Cdc20 as a novel anti-cancer therapeutic 

target. In keeping with this notion, inactivating APC by an IR-motif-mimetic inhibitor, pro-

TAME, induced cell death in multiple cancer cell lines [12, 13]. Furthermore, a more 

specific APCCdc20 E3 ligase inhibitor, Apcin, inhibits its oncogenic function through 

directly interfering with the binding of Cdc20 to its substrates and causes blockade of 

mitotic exit in human cancer cells [14]. Consistent with its oncogenic role, Cdc20 is highly 

expressed in many human tumors including prostate [15], breast [16], cervical [17], 

glioblastoma [18] and ovarian tumors [19]. Notably, high expression of Cdc20 was tightly 

associated with advanced clinical stages and poor prognosis in human cancers including 

prostate cancer [15]. These findings thus suggest that Cdc20 expression may be used as a 

prognostic marker and therapeutic target in treating various human cancers.

The Cullin-Ring ligases (CRLs) are the largest family of ubiquitin E3 ligases, which govern 

a plethora of vital cellular processes including cell cycle progression [20]. Based on Cullin 

scaffold proteins (Cullin1, 2, 3, 4A, 4B, 5 and 7), CRLs can be categorized into seven 

subfamilies (termed CRL1 through CRL7, respectively) [2, 20]. Among these CRLs, the 

CRL1 complex (also named SCF), is well studied at both biochemical and physiological 

levels [21, 22]. Recently, the emerging CRL3 subfamily complex is identified as major 

regulators for different cellular processes and disruption of this degradation pathway has 

been linked to various human diseases, including nerve degeneration and cancers [23]. 

Structurally, CRL3 is composed of the scaffold protein Cullin 3, the RING protein RBX1, 

and one of numerous BTB domain adaptor proteins, which recruit its protein substrates for 

poly-ubiquitination [23].

Recently, it has been reported that Speckle-type POZ (pox virus and zinc finger protein) 

protein (SPOP), a substrate-interacting adaptor protein of CRL3, is one of most frequently 

mutated genes, with up to 15% mutation rate in primary human prostate cancers [24–26]. 
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SPOP comprises two conserved domains: an N-terminal meprin and TRAF homology 

(MATH) domain that is primarily involved in substrate recognition and a C-terminal bric-a-

brac, tramtrack and broad complex (BTB)/POZ domain that binds the CRL scaffold protein, 

Cullin 3 [27]. The ongoing list of SPOP substrates includes MacroH2A [28], Ci/Gli [29], 

androgen receptor (AR) [30, 31], steroid receptor coactivator 3 (SRC-3) [32], DEK [33], 

TRIM24 [33], ERG [34, 35] and SENP7 [36]. As most of these characterized substrates are 

well-known oncogenic proteins that are frequently overexpressed in human prostate cancers, 

SPOP probably functions largely as a tumor suppressor in PrCa that negatively regulates the 

stability of these oncogenic proteins. In keeping with this model, SPOP is frequently 

inactivated by genetic mutations in human prostate cancers [24, 25]. However, in other 

cancer settings including kidney cancer and breast cancer, on the other hand, SPOP is 

overexpressed and displays a possible oncogenic role in part by promoting the degradation 

of PTEN [37]. Thus, the physiological role of SPOP in tumorigenesis might also be tissue or 

context dependent. In support of this notion, the transcription factor E2Fs also can function 

as an oncogene or tumor suppressor in different cellular context [38]. In this circumstance, 

this study mainly focuses on understanding the tumor suppressor role of SPOP in the 

prostate cancer setting. To this end, even though known substrates of SPOP are well 

documented for their oncogenic roles in prostate cancer development and progression, the 

exact molecular mechanisms by which SPOP suppresses cancer formation in part by 

regulating cell cycle progression or chromosomal segregation have not yet been fully 

elucidated. To further clarify the physiological role of SPOP in regulating tumorigenesis, we 

identified oncoprotein Cdc20 as a novel ubiquitin substrate of SPOP in the prostate cancer 

setting, which offers further molecular insights into its tumor suppressive role in PrCa 

development.

2. Materials and Methods

2.1 Cell Culture

PC3 and DU145 cells were cultured in RPMI 1640 medium (Corning, NY) with 10% FBS, 

100 units of penicillin and 100 µg/ml streptomycin. 293T, HeLa, and U2OS cells were 

cultured in DMEM medium (Life Technologies, CA) supplemented with 10% FBS, 

penicillin and streptomycin.

2.2 Plasmids

Myc-Cullin 1, Cullin 2, Cullin 3, Cullin 4A, Cullin 4B, Cullin 5, Flag-SPOP WT, Y87C, 

F102C, W131G, pGEX-4T-1-SPOP, Flag-Keap1, Flag-Cop1, shScramble, shCullin 1, 

shCullin 3, shSPOP, and His-ubiquitin constructs were described previously [35]. The 

construct of HA-Cdc20 was also described previously [13]. HA-Cdc20 deletion degron 

(GKSSS) mutant was generated using the QuikChange XL Site-Directed Mutagenesis Kit 

(Stratagene).

2.3 Cell transfection and viral infection

For cell transfection, cells with 80% confluence were transfected using Lipofectamine 

(Invitrogen) in Opti-MEM medium (Invitrogen). 48 hours post-transfection, cells were 

harvested for immunoprecipation or immunoblot analysis. For viral infection, cells with 
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50% confluence were infected with lentivirus vector with 4 µg/mL polybrene (Sigma-

Aldrich). 48 hours post-infection, the cells were passaged and selected using 1 µg/mL 

puromycin (Sigma-Aldrich) for 72 hours to eliminate the uninfected cells before harvesting 

for western blot analysis.

2.4 Antibodies and Reagents

Anti-Cdc20 (p55 CDC, sc-5296 and sc-13162), anti-Cdh1 (Fzr, sc-56312), anti-p27 

(SC-527), anti-HA antibody (SC-805), anti-c-Myc (sc-40), and anti-p27 (SC-527) antibodies 

were purchased from Santa Cruz. Anti-SPOP antibody (16750-1-AP) was purchased from 

Proteintech. Mouse monoclonal anti-Myc-Tag (2276), rabbit polyclonal anti-Myc-Tag 

antibody (2278), anti-Cullin 3 (2759), and anti-GST (2625) antibodies were purchased from 

Cell Signaling. Polyclonal anti-Flag antibody (F-2425), monoclonal anti-Flag antibody 

(F-3165, clone M2), anti-vinculin antibody (V-4505), anti-tubulin antibody (T5168), 

peroxidase-conjugated anti-mouse secondary antibody (A-4416), peroxidase-conjugated 

anti-rabbit secondary antibody (A-4914), anti-HA agarose beads (A-2095) and anti-Flag 

agarose beads (A-2220) were purchased from Sigma. All antibodies were used in 1:1000 

dilutions in 5% non-fat milk for western blot. MLN4924 was a kind gift from Dr. William 

Kaelin (Dana-Farber cancer institute). MG132 (BML-PI102-0005) was purchased from 

Enzo life science. Apcin (I-444) was purchased from BostonBiochem.

2.5 Immunoprecipitation and Western Blotting

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP40) 

supplemented with protease inhibitors (Roche) and phosphatase inhibitors (Calbiochem). 

The protein concentrations of lysates were measured by Beckman Coulter DU-800 

spectrophotometer (Beckman Coulter) using the Bio-Rad protein assay reagent (Bio-Rad 

Laboratories, CA). For immunoprecipitation assays, 1 mg total lysates were incubated with 

the appropriate antibody-conjugatd beads (1–2 µg) for 4 hours or overnight at 4°C. 

Immunocomplexes were washed four times with NETN buffer (20 mM Tris, pH 8.0, 100 

mM NaCl, 1 mM EDTA, and 0.5% NP-40) before being resolved by SDS-PAGE and 

immunoblotted with indicated antibodies.

2.6 Cell viability and apoptosis assays

For cell viability assays, 3000 cells per well were plated in 96-well plates, and incubated 

with complete DMEM medium containing different concentrations of Cdc20 inhibitor for 48 

h. Assays were performed with the Cell Titer-Glo Luminescent Cell Viability Assay Kit 

according to the manufacturer’s instructions (Promega). For detection of apoptosis, cells 

treated with indicated concentration of Apcin for 48 h were co-stained with Annexin-V-PE 

and 7-AAD (Annexin V-PE Apoptosis Detection Kit I, BD Bioscience) and analysed by 

FACS according to the manufacturer’s instructions.

2.7 Colony Formation Assays

PC3 cells with stably expressing shScramble or shSPOP were plated in 6-well culture dishes 

(1000 cells per well). The second day after seeding cells, 50 µM Apcin was added in and 
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allowed to grow undisturbed for one week. Cells were stained with crystal violet and the 

colony number were counted.

2.8 FACS Analysis

SPOP+/+ and SPOP−/− MEFs were digested with trypsin, washed twice with phosphate 

buffered saline (PBS). The cells were then fixed with 70% ice cold Ethanol. Approximately 

2 hours before FACS analysis, cells were washed with PBS and subsequently re-suspended 

in 1 ml PBS with 1 µg/ml RNase A. Samples were then incubated for 30 minutes at 37 °C. 

Afterwards, cells were stained with 0.05 mg/ml propidium iodide on ice for 1 hour before 

being analyzed through flow cytometry (BD FACSCalibur, San Jose, CA, USA).

2.9 Statistical Analyses

Student t tests were used to evaluate significance between groups, and p-values indicated. 

Error bars represent standard deviation. * p < 0.05 indicates significance.

Results

3.1 Inhibition of the Cullin-based E3 ligases stabilizes endogenous Cdc20 in cells

MLN4924 is a specific inhibitor of the NEDD8-activating enzyme (NAE) and first-in-class 

anti-cancer drug, which has entered Phase-I trials for cancer therapy [39, 40]. 

Mechanistically, MLN4924 could inactivate CRLs E3 ligases through blocking Cullin 

Neddylation, an essential step in activating CRLs [41], which subsequently led to 

upregulation of downstream substrates of CRLs [40]. Importantly, we found that, in addition 

to the proteasome inhibitor MG132, MLN4924 could also stabilize the key cell cycle 

regulatory protein, Cdc20, at endogenous level in prostate cancer cell lines PC3 (Figure 1A) 

and DU145 (Figure 1B). Furthermore, we demonstrated that stabilization of Cdc20 by 

MLN2924 or MG132 was achieved largely through prolonging the half-life of endogenous 

Cdc20 in multiple cell lines including PC3 (Figure1C and 1D), HeLa (Supplementary Figure 

S1A and S1B) and U2OS (Supplementary Figure S1C and S1D).

3.2 Cdc20 stability is controlled by Cullin 3 family E3 ligases

As MLN4924 could stabilize endogenous Cdc20, we speculate that Cullin-Ring family E3 

ligase(s) may be the upstream regulator(s) to control Cdc20 stability. In keeping with this 

notion, Cullin 3, and to a much lesser extent, Cullin 1, but not other Cullin family members 

specifically interacted with Cdc20 in cells (Figure 2A). Furthermore, depletion of Cullin 3, 

but not Cullin 1, in multiple cancer cell lines including PC3 (Figure2B and 2C), HeLa 

(Supplementary Figure S2A and S2B) and U2OS cells (Supplementary Figure S2C and 

S2D), could dramatically upregulate the protein abundance of endogenous Cdc20. These 

results therefore argue that Cullin 3, but not Cullin 1, subfamily of E3 ligases, is the primary 

CRL type of E3 ligase that negatively regulates Cdc20 stability in cells. Consistently, 

depletion of Cullin 3 prolonged the half-life of Cdc20 (Figure2D and 2E), whereas ectopic 

expression of Cullin 3 shortened the half-life of Cdc20 in cells (Figure2F and 2G). These 

results together demonstrate that in addition to the reported APCCdh1 E3 ligase [8, 42], 

Cullin 3-based E3 ligase also play a critical role in governing Cdc20 protein stability in 

cells.
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3.3 SPOP, the adaptor protein of Cullin 3 family E3 ligase, specifically interacts with Cdc20 
through its N-terminal MATH domain

Cullin 3 exerts its E3 ubiquitin ligase activity largely through recruiting one of several 

adaptors with BTB/POZ domain, such as SPOP and Keap1 [23]. We further explored which 

adaptor protein can specifically bind and promote Cdc20 poly-ubiquitination and 

degradation. Notably, we found that Cdc20 specifically interacted with SPOP, but not Keap1 

or Cop1, a Cullin 4-based E3 ligase substrate adaptor protein (Figure 3A). Furthermore, 

bacterially purified GST-SPOP, but not GST, specifically interacted with Cdc20 in vitro 
(Figure 3B), further advocating the specific interaction between SPOP and Cdc20. As SPOP 

recognizes its ubiquitin substrate largely through its N-terminal conserved MATH domain 

and binds CRL scaffold protein Cullin 3 through its C-terminal BTB domain [27], we 

hypothesized that deletion of MATH domain in SPOP may disrupt its binding with Cdc20. 

In keeping with this notion, we found that SPOP mutant deleting the MATH domain failed 

to interact with Cdc20 in cells (Figure3C and 3D). Together, these results demonstrate that 

SPOP specifically interacts with Cdc20 through its N-terminal substrate recognizing MATH 

domain.

3.4 SPOP promotes the poly-ubiquitinaton and subsequent degradation of Cdc20

As SPOP interacts with Cdc20 through its substrate recognition MATH domain, we further 

explored whether SPOP can promote Cdc20 degradation in a proteasome-dependent manner. 

To this end, we found that ectopic expression of SPOP could markedly decrease the protein 

abundance of Cdc20, but not its close homologue, Cdh1, in a dose-dependent manner 

(Figure 4A and Supplementary Figure S3A). Moreover, SPOP-dependent degradation of 

Cdc20 could be blocked by the proteasome inhibitor MG132 (Figure 4B), which indicates 

that SPOP-mediated degradation of Cdc20 through the 26S proteasome pathway. In keeping 

with this notion, SPOP could promote Cdc20 poly-ubiquitination in cells (Figure 4C). On 

the other hand, depleting SPOP using several different shRNAs dramatically elevated Cdc20 

protein abundance in multiple cell lines including PC3 (Figure 4D), DU145 (Figure 4E) and 

HeLa cells (Supplementary Figure S3B). Moreover, Cdc20 protein level was also elevated in 

SPOP knock out MEFs, while the protein abudnace of Cdh1, the close homologue of Cdc20, 

did not change significantly (Figure 4F). Consistently, the half-life of Cdc20 is prolonged in 

SPOP-deficient cells (Figure 4G–H and Supplementary Figure S3C–D). However, the cell 

cycle profile did not change significantly after depletion of endogenous SPOP in MEFs 

(Figure S4A–C). These results together show that the Cullin 3SPOP E3 ligase functions as a 

novel negative regulator for Cdc20 in part through promoting Cdc20 poly-ubiquitination and 

subsequent 26S proteasome-dependent degradation.

3.5 SPOP promotes Cdc20 degradation in a degron-dependent manner

Several identified SPOP substrates including Ci/Gli [43], Daxx [44], MacroH2A [28], AR 

[30, 31], PTEN [37] SRC-3) [32], DEK [33], TRIM24 [33], ERG [34, 35] and SENP7 [36] 

share a SPOP-binding consensus motif Φ-Π-S-S/T-S/T (Φ-nonpolar; Π, polar) (Figure 5A) 

[27]. Notably, we identified a putative motif 61GKSSS65 located in the N-terminus of Cdc20 

(Figure 5A), and further showed that deleting this putative motif (Cdc20-ΔGKSSS) impaired 

Cdc20 interaction with SPOP both in cells (Figure 5B) and in vitro (Figure 5C). 
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Consistently, the Cdc20-ΔGKSSS mutant became resistant to SPOP-mediated destruction 

(Figure 5D–5F) and poly-ubiquitination (Figure 5G) in cells. Taken together, these results 

demonstrate that the 61GKSSS65 motif is required for SPOP to interact with Cdc20, and 

subsequently triggers poly-ubiquitination and degradation of Cdc20.

3.6 Prostate cancer-associated SPOP mutants are defective in promoting Cdc20 poly-
ubiquitination and degradation

Recent large scale sequencing studies showed that SPOP, encoding a CRL3-based E3 ligase 

adaptor protein, is one of the most frequently mutated genes in human prostate cancer [24–

26]. To date, most of identified SPOP somatic mutations in prostate cancer including Y87C, 

F102C and W131G are clustered in the MATH domain, presumably impairing substrate 

binding (Figure 6A). In keeping with this finding, we found that prostate cancer-derived 

SPOP mutants including Y87C, F102C and W131G failed to interact with Cdc20 both in 
vitro (Figure 6B) and in cells (Figure 6C). Consistently, compared to SPOP wild type, these 

PrCa derived SPOP mutants were incapable of promoting the ubiquitination (Figure 6D) and 

subsequent degradation of Cdc20 (Figure 6E–6G) in cells. These results demonstrate that 

prostate cancer derived mutations of SPOP abolish its ability to interact with, and promote 

poly-ubiquitination and degradation of Cdc20.

3.7 SPOP-deficient prostate cancer cells are resistant to the pharmacological Cdc20 
inhibitor, Apcin

Recently, the King group reported that a small molecule, Apcin (APC inhibitor), specifically 

binds the D-box-binding pocket within the WD40 domain of Cdc20 to competitively inhibit 

the degradation of D-box-containing substrates [14, 45]. As our previous report showed 

Cdc20 suppressed cell apoptosis largely through targeting Bim for poly-ubiquitination and 

degradation [13], we next explored whether Cdc20 specific inhibitor, Apcin, affects cell 

viability and apoptosis in prostate cancer. To this end, we found that Apcin could reduce the 

cell viability and apoptosis of PC3 cells in a dose-dependent manner (Figure 7A–7C). More 

importantly, compared to shScramble treatment cells, cells depleted of SPOP using shRNAs 

and with elevated Cdc20 expression (Figure 4D) became more resistant to the Cdc20 

inhibitor, Apcin (Figure 7A–7C). Consistently, Apcin could dramatically reduce the 

oncogenic transformation of shScramble-treated PC3 cells, but not SPOP-depleted cells 

(Figure 7D–7E). Together, these results suggest that the Cdc20 pharmacological inhibitor, 

Apcin, might be clinically used to treat SPOP-WT PrCa patients, but not SPOP-deficient 

prostate cancers.

3. Discussion

Here we have identified Cullin 3SPOP as a novel upstream E3 ubiquitin ligase complex that 

governs Cdc20 stability and oncogenic functions through promoting the ubiquitination and 

subsequent destruction of Cdc20. Our results showed that although Cdc20 interacts 

specifically with Cullin 1 and Cullin 3 of the Cullin-based E3 ligase family members, only 

Cullin 3 is largely responsible for the stability control of Cdc20 in cells (Figure 2). More 

importantly, we also showed that SPOP, one of substrate interaction modules of Cullin 3 

family, specifically binds and promotes the degradation of Cdc20 in a poly-ubiquitinaion 
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dependent proteolysis. However, previous studies have revealed that phosphorylation of 

certain proteins such as SRC-3 is required for SPOP-mediated interaction and degradation 

[46], while phosphorylation of Cdc20 is required for its timely activation at M phase [7, 47]. 

Thus, it is unclear whether similar modifications are needed for Cullin 3SPOP in recognition 

of Cdc20 for poly-ubiquitination and degradation, which warrants further investigation.

Previous studies have reported that Cdc20 was degraded by APCCdh1 in early G1 phase, 

which is required of Plk1-dependent phosphorylation of Cdc20 [8, 42]. Our results presented 

here indicated that the Cullin 3SPOP regulation of Cdc20 appears to function independently 

of APCCdh1. Of particular interest in light of these results presented here as well as results 

from previous studies [8, 42], it remains elusive how these two E3 ligases, Cullin 3SPOP and 

APCCdh1 are controlling Cdc20 degradation. It is plausible that each E3 ligase is working in 

different cell cycle phase, or in a temporal or spatial specificity to provide a timely control of 

the Cdc20 stability.

Increasing evidence showed that Cdc20 exhibits an oncogenic function and targeting Cdc20 

could be a novel strategy for combating human cancers [9, 48]. Notably, our results showed 

that prostate cancer-associated SPOP mutants including Y87C, F102C and W131G, which 

are clustered in its substrate-recruiting MATH domain, have lost the ability to bind and 

promote Cdc20 poly-ubiquitination and degradation (Figure 6). Consequently, Cdc20 

expression levels are elevated in SPOP-deficient prostate cancer cells, which become more 

resistant to the pharmacological Cdc20 inhibitor, Apcin.

Therefore, our studies delineated the molecular mechanism of upstream regulator Cullin 

3SPOP in controlling the stability of the oncoprotein Cdc20 through promoting Cdc20 poly-

ubiquitination and subsequent degradation in prostate cancer. As personalized targeted 

therapy utilizing individual tumor genetic status becomes more readily available in cancer 

diagnostics and treatment, we envision that our studies will provide the rationale for 

developing novel therapeutic strategies to treat SPOP-WT PrCa patients with the Cdc20 

inhibitor, Apcin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research highlights

➢ Cullin 3 negatively regulates Cdc20 stability in prostate cancer.

➢ SPOP promotes Cdc20 poly-ubiquitination and degradation.

➢ Prostate cancer-associated mutants are defective in interaction with Cdc20.

➢ SPOP-deficient prostate cancer cells become resistant to Cdc20 inhibitor.
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Figure 1. Inhibition of the Cullin-based E3 ligases or 26S proteasome by MLN4924 and MG132, 
respectively, stabilize endogenous Cdc20
A–B) Immunoblot (IB) analysis of whole cell lysates derived from PC3 and DU145 cells, 

which were treated with 1 µM MLN4924 or 10 µM MG132 for 12 h before harvesting.

C) PC3 cells were harvested at indicated time points after 100 µg/ml cycloheximide (CHX) 

addition with/without 10 µM MG132 treatment for 12h. Blots were probed with indicated 

antibodies.

(D) Quantification of Cdc20 band intensities. Cdc20 immunoblot bands were normalized to 

Vinculin, then normalized to the t = 0 time point.
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Figure 2. Cdc20 stability is controlled by the Cullin 3 family E3 ligase
A) Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP) 

derived from 293T cells transfected with indicated constructs. 36 hours post-transfection, 

cells were pretreated with 10 µM MG132 for 10 hours before harvesting.

B) IB analysis of WCL derived from PC3 cells infected with the indicated lentiviral shRNAs 

against Cullin 1. The infected cells were selected with 1 µg/ml puromycin for 72 hours to 

eliminate the non-infected cells before harvesting.
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C) IB analysis of WCL derived from PC3 cells infected with the indicated lentiviral shRNAs 

against Cullin 3. The infected cells were selected with 1 µg/ml puromycin for 72 hours to 

eliminate the non-infected cells before harvesting.

D) PC3 cells stably infected with the indicated lentiviral shRNAs were treated for indicated 

times with 100 µg/ml CHX. WCL were prepared and immune-blotted with indicated 

antibodies.

E) Quantification of western blots shown in D using ImageJ software. Cdc20 immunoblot 

bands were normalized to Vinculin, then normalized to the t = 0 time point.

F) 293T cells transfected with indicated constructs were treated with 100 µg/ml CHX. WCL 

were analyzed with indicated antibodies.

G) Quantification of western blots shown in F using ImageJ software. Cdc20 immunoblot 

bands were normalized to Vinculin, then normalized to the t = 0 time point.
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Figure 3. SPOP, the adaptor protein of Cullin3 family E3 ligase, specifically interacts with Cdc20 
through its N-terminal MATH domain
A) Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP) 

derived from 293T cells transfected with indicated constructs. 36 hours post-transfection, 

cells were pretreated with 10 µM MG132 for 10 hours before harvesting.

B) IB analysis of GST pull-down precipitates from 293T cell lysate with overexpression of 

HA-Cdc20 using bacterially purified GST and GST-SPOP proteins.

C) Schematic of SPOP with MATH and BTB domain.
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D) IB analysis of WCL and anti-Flag IP derived from 293T cells transfected with indicated 

constructs. 36 hours post-transfection, cells were pretreated with 10 µM MG132 for 10 hours 

before harvesting.
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Figure 4. SPOP promotes the poly-ubiquitinaton and subsequent degradation of Cdc20
A) Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells 

transfected with the indicated constructs.

B) 293T cells transfected with indicated constructs were pretreated with/without 10 µM 

MG132 for 10 hours before harvesting for IB analysis.

C) IB of WCL and His pull-down of PC3 cells transfected with the indicated constructs. 

Cells were treated with 30 µM MG132 for 6 hours and lysed with denature buffer.
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D) IB analysis of WCL derived from PC3 cells infected with the indicated lentiviral shRNAs 

against SPOP. Infected cells were selected with 1 µg/ml puromycin for 72 hours to eliminate 

the non-infected cells before harvesting.

E) IB analysis of WCL derived from DU145 cells infected with the indicated lentiviral 

shRNAs against SPOP. Infected cells were selected with 1 µg/ml puromycin for 72 hours to 

eliminate the non-infected cells before harvesting.

F) IB analysis of WCL derived from SPOP WT and SPOP knock out MEFs, respectively.

G) IB analysis of WCL derived from PC3 cells infected with indicated shRNAs, 100 µg/ml 

cycloheximide (CHX) was used to measure Cdc20 half-life.

H) Quantification of western blots shown in G using ImageJ software. Cdc20 immunoblot 

bands were normalized to Vinculin, then normalized to the t = 0 time point.
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Figure 5. SPOP promotes Cdc20 degradation in a degron-dependent manner
A) Sequence comparison of putative SPOP binding motif in Cdc20 with known SPOP 

substrates and the schematic of Cdc20 protein.

B) Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP) from 

293T cells transfected with indicated constructs. 36 hours post-transfection, cells were 

pretreated with 10 µM MG132 for 10 hours before harvesting.

C) IB analysis of GST pull-down precipitates from 293T cell lysate with overexpression of 

HACdc20 WT and deletion mutants (ΔGKSSS).

D) IB analysis of WCL derived from 293T cells transfected with the indicated constructs.

E) 293T cells transfected with indicated constructs were treated with 100 µg/ml CHX for 

different time course. WCL were prepared and western blotted with indicated antibodies.

F) Quantification of western blots shown in E using ImageJ software. Cdc20 immunoblot 

bands were normalized to Vinculin, then normalized to the t = 0 time point.

G) IB of WCL and His pull-down of PC3 cells transfected with the indicated constructs. 

Cells were treated with 30 µM MG132 for 6 hours and lysed with denature buffer.
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Figure 6. Prostate cancer-associated SPOP mutants are defective in promoting Cdc20 
degradation and poly-ubiquitination
A) A schematic illustration of SPOP with MATH and BTB domain and cancer-associated 

mutations.

B) Immunoblot (IB) analysis of GST pull-down precipitates from 293T cell lysate with 

overexpression of HA-Cdc20.

C) IB analysis of whole cell lysates (WCL) and immunoprecipitates (IP) from 293T cells 

transfected with indicated constructs. 36 hours post-transfection, cells were treated with 10 

µM MG132 for 12 hours before harvesting.

D) IB of WCL and His pull-down from PC3 cells transfected with the indicated constructs. 

Cells were treated with 10 µM MG132 for 12 hours and lyzed with denature buffer.

E) IB analysis of WCL from 293T cells transfected with indicated constructs.
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F) 293T cells were transfected with indicated constructs. 36 hours post-transfection, cells 

were treated for indicated times with 100 µg/ml CHX. WCL were prepared and western 

blotted with indicated antibodies.

G) Quantification of western blots shown in F using ImageJ software. Cdc20 immunoblot 

bands were normalized to Vinculin, then normalized to the t = 0 time point.
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Figure 7. SPOP-deficient prostate cancer cells become more resistant to the pharmacological 
Cdc20 inhibitor, Apcin
A) PC3 cells stably infected with virus expressing shRNAs against SPOP as well as 

shScramble as control were treated with indicated concentration of Cdc20 inhibitor, Apcin, 

for 48 h before performing a cell viability assay. Data are shown as mean ± SD from three 

independent experiments. *p<0.05

B) PC3 cells stably expressing shSPOP or shScramble were treated with indicated 

concentration of Apcin for 48 h before performing a cell apoptosis assay.

C) Quantification of results for Fig. 7B. Data were shown as mean ± SD from three 

independent experiments. *p<0.05

D) 1000 PC3 cells with stably expressing shScramble or shSPOP were plated in each well of 

6-well culture dishes with/without 50 µM Apcin treatment. After one week, cells were 

stained with crystal violet and the colony number were counted. E) Quantification of results 

for Fig. 7D. Data were shown as mean ± SD from three independent experiments. *p<0.05
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