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Background: Cell division cycle 20 (CDC20) is frequently overexpressed inmalignant tumours and involved in the
differentiation process of hematopoietic stem cells. However, the role of CDC20 in prostate cancer stem-like cells
(CSCs) remains poorly understood.
Methods: The expression of CDC20, CD44,β-cateninwere examined in prostate cancer specimens by immunohis-
tochemistry assay, the role of CDC20 on the stem-like properties of prostate CSCs was accessed by real-time
quantitive PCR, spheroid formation, in vitro and in vivo limiting dilution assay.
Finding: CDC20 was associated with malignant progression of prostate cancer, the patients with both high ex-
pression CDC20 and CD44 or β-catenin were associated with more aggressive clinicopathological features and
poor prognosis. CDC20 was usually enriched in CD44+ prostate CSCs. Knockdown of CDC20 could inhibit
the expression of stemness-related genes, self-renewal ability, chemo-resistance, invasion capability and
tumorigenicity of CD44+ prostate CSCs. Mechanistically, CDC20 promoted degradation of Axin1, the core mem-
ber of β-catenin destruction complex, sequentially reduced the phosphorylation of β-catenin, promoting the lat-
ter into the nucleus, thereby enhancing the self-renewal capacity of CD44+ prostate CSCs.
Interpretation:Our results indicated that CDC20maintains the self-renewal ability of CD44+prostate CSCs by pro-
moting nuclear translocation and trans-activation of β-catenin. In addition, CDC20 combined with CD44 or β-
catenin can serve as an important indicator for prognosis of patients with prostate cancer.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Prostate cancer is the first most frequently diagnosed malignancies
and the second leading cause of cancer-related deaths among men in
developed countries [1]. Although prostate cancer can often be cured
at early stage [2], patients with metastasis have to go through androgen
deprivation therapy (ADT) [3] and inevitably progress into a drug
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resistance stage called castration-resistant prostate cancer (CRPC), lead-
ing to increased cancer-related deaths [4]. For patients with metastatic
CRPC, docetaxel-based chemotherapy is recommended as one of the
first-line treatments by multiple guidelines [5,6]. However, a limited
survival benefit has been proven due to the chemo-resistance and re-
lapse of prostate cancer, the mechanism underlying the resistance to
docetaxel for metastatic CRPC, therefore, remains obscure.

Increasing evidence has revealed that the critical role of cancer stem-
like cells (CSCs) in chemo-resistance and relapse of prostate cancer
[7,8]. The hypothesis of CSC suggests that tumours are maintained in
the hierarchical tissues of cells, and that cancer stem cell-like cell sub-
sets are essential for initiating and maintaining tumour growth due to
their strong self-renewal capacity [9]. The presence of CSC was first
identified in myeloid leukemia [10] and has recently been observed in
various solidmalignancies [11]. Concrete evidence indicated the impor-
tance of prostate CSCs in tumorigenesis and anticancer drug resistance
[12]. Previous studies identified several cell surface antigens to charac-
terize prostate CSCs, such as CD44 [13–17], CD133 [18] and OV6 [19].
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Research in context

Evidence before this study

Cancer stem-like cells (CSCs) have been implicated in drug resis-
tance and disease progression of prostate cancer, which is the
first most frequently diagnosedmalignancies and the second lead-
ing cause of cancer-related deaths amongmen in developed coun-
tries. We previously reported that cell division cycle 20 (CDC20)
was up-regulated in highGleason score tissues of prostate cancer,
and CDC20 exerts its carcinogenic function inmany malignancies
mainly during the metaphase to anaphase by disrupting key cell
cycle regulators.

Added value of this study

Our study showed that CDC20 maintains the self-renewal ability
of CD44+ prostate CSCs by promoting nuclear translocation and
trans-activation of β-catenin. In addition, CDC20 combined with
CD44 or β-catenin can serve as an important indicator for progno-
sis of patients with prostate cancer.

Implications of all the available evidence

Our findings shared new insights into the relationship between
CDC20 and stem-like features of CSCs during tumorigenesis in
prostate cancer, suggesting inhibition of CDC20 may prevent or
slow prostate cancer progression by inactivating CSCs subset.
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Therefore, targeting prostate CSCs to make them sensitive to chemo-
therapy can be used as a novel therapeutic paradigm for metastatic
CRPC patients.

In our previous study, we identified five hub genes associated with
poorly differentiated prostate cancer, including cell division cycle 20
(CDC20) [20], a regulator of cell cycle checkpoints which activates ade-
nomatous polyposis coli (APC) [21]. CDC20 is a key E3 ligase, a protein
containing the WD40 repeat domain that binds to APC and recognises
D-box or KEN box substrates to promote proteasomal degradation.
APC/CDC20 exerts its carcinogenic function during the metaphase to
anaphase by disrupting key cell cycle regulators [22]. Abnormal levels
or dysfunction of CDC20 can abolish mitotic arrest, thereby promoting
premature lateness by relaxing APC activation, leading to aneuploidy
in daughter cells [23]. Interestingly, increased CDC20 expression has
been reported to be associated with poor pathological features and
poor prognosis inmany human cancer types [24–26]. In addition, previ-
ous studies showed that CDC20 regulates hematopoiesis and leukemia
in hematopoietic stem cells by promoting ubiquitination of MEIS1 and
p21, and maintains the self-renewal potential of human glioblastoma
by regulating SOX2 protein and promoting SOX2-dependent transcrip-
tion [27]. However, the expression and role of CDC20 in prostate CSCs
remains poorly understood.

In this study, the functional role of CDC20 in maintaining the stem
like characteristics of prostate CSCs was assessed. Our founding indi-
cated that CDC20 was preferentially enriched in prostate CSC and asso-
ciated with poor prognosis in prostate cancer patients. Simultaneously,
the interference of CDC20 resulted in the reduction of prostate CSCs by
inhibiting their self-renewal, drug resistance, invasion capability and tu-
morigenicity. In addition, our results suggested that CDC20 exerts a key
role in maintaining the stem-like properties of CD44+ CSCs in prostate
cancer by promoting nuclear translocation and transactivation of β-
catenin. Thus, our findings shared new insights into the relationship be-
tween CDC20 and stem-like features of CSC during tumorigenesis.
Therefore, inhibition of CDC20may be utilized to inhibit prostate cancer
progression by inactivating CSC subset.

2. Materials and methods

2.1. Patients and specimens

We followed the reporting recommendations for tumour marker
prognostic studies (REMARK) in this study [28]. Clinical data, tissue
specimens and follow-up information were collected for 121 consecu-
tive prostate cancer patientswhowere pathologically diagnosed and re-
ceived prostatectomy between 2012 and 2013, and 8 prostate cancer
patients who received prostate needle biopsy after docetaxel treatment.
The clinical data of 121 prostate cancer patients included age at diagno-
sis, preoperative PSA (the maximum within 6 months before the oper-
ation), the postoperative pathological status including Gleason score
(GS), pathological T stage, surgical margins (SM). Localised PCa refers
to T1-T2, and locally advanced PCa (LAPC) refers to the patients with
T stage ≥ T3 (Tumour extends through the prostatic capsule) according
to the 2018th guideline of European Association of Urology. The time to
biochemical recurrence (BCR) (cutoff: PSA = 0.2 ng/mL) and disease
progression identified by MRI, CT or ECT were selected as the clinical
endpoint of biochemical relapse free survival and disease-free survival,
respectively. Hematoxylin and eosin (H&E)-stained sections of the pros-
tate cancer specimens were re-evaluated by two experienced patholo-
gists (Jun-hui Ge and Xi-quan Yang) to identify representative areas in
double blind procedure. Tumour stage and GS were assessed according
to the American Joint Committee on Cancer (AJCC) 2002 and the inter-
national society of urological pathology (ISUP) consensus conference
2014 [29]. The samples were obtained after writing informed consent
from patients according to an established protocol approved by the
Ethics Committee of Second Military Medical University. The clinical
features are summarized in Supplementary Table S1.

2.2. Gene knockdown, RNA interference and plasmid transfection

Short hairpin RNA (shRNA) interference vector pLKO.1-GFP contain-
ing an U6 promoter upstream of the shRNA, lentivirus packaging vector
pVSVG-I and pCMV-GAG-POL were obtained from Shanghai Integrated
Biotech Solutions Co, Ltd., (Shanghai, China). Green fluorescent protein
(GFP) was used as an internal control with an independent promoter.
The C4–2B or DU145 cell line was cultured in 6-well plates, inoculated
at a density of 5 × 104 cells/mL, and transfected with the shRNAs-
expressing lentivirus (Lv-shCDC20 or Lv-sh-β-catenin) or control lenti-
virus at a multiplicity of infection (MOI) of 45. After 72 h transfection,
they were observed and photographed under microscope. The se-
quences for shRNA were shown in Supplementary Table S2.

The siRNA (si-CDC20) were purchased from Shanghai Integrated
Biotech Solutions Co, Ltd., (Shanghai, China), and siRNA transfection
was carried out using RNA iMAX reagents (L3000015, Invitrogen,
Shanghai, China) according to the manufacturer's protocols. The se-
quences for siRNA were presented in Supplementary Table S2.

Transfection of CDC20 pcDNA 3.1-WT or -MT plasmid was carried
out using Lipofectamine 3000 reagents (L3000015, Invitrogen) accord-
ing to the manufacturer's protocols, the sequence of CDC20 plasmids
were shown in Supplementary Table S2.

2.3. Real-time polymerase chain reaction (PCR)

Total RNA was prepared from cultured cells from C4–2B or DU145
using RNAiso Plus (9109, Takara, Japan) according to themanufacturer's
protocol. Reverse transcriptase PCR (RT-PCR) was performed using
PrimeScript One Step RT reagent Kit (RR037B, Takara, Japan) in the
presence of random primers. Amplification of the generated cDNA was
carried out in SYBR Green Realtime PCR Master Mix (QPK201, Toyobo,
Japan) with ABI PRISM 7300HT Sequence Detection System. Each
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measurement was performed in triplicate and the results were normal-
ized by the expression of the β-actin gene. Fold change relative to mean
valuewas determined by 2–△△Ct. The primer sequences were presented
in Supplementary Table S2.

2.4. Animal experiments

All experimental animal procedures were approved by the Animal
Care and Use Committee of the Second Military Medical University
(Shanghai, China). Nude mice (male, 6-weeks old) were purchased
from the Shanghai Laboratory Animal Centre (SLAC, China) and housed
under specific pathogen-free (SPF) conditions.

For the in vivo limiting dilution assay, the sorted C4–2B CD44+ and
DU145 CD44+ cells with or without Lv-shCDC20 stable transfection
were serially diluted to the appropriate cell dose. Cells were injected
and the number of tumours formed from each cell dose injected was
scored. The frequency of cancer stem cells had been calculated using
the ELDA software provided by the Walter and Eliza Hall Institute
(http://bioinf.wehi.edu.au/software/elda/index.html).

2.5. Statistical analysis

Numerical data were expressed as theMean± S.D. Statistical differ-
ences between variables were analysed by chi-square test or Fisher's
exact test for categorical/binary measures and ANOVA for continuous
measures. Survival curve was plotted by the Kaplan-Meier method
and compared using the log-rank analysis. Difference was considered
significant at P b .05. All experiments for cell cultures were performed
independently at least three times and in triplicate each time. Data anal-
ysis was performed by the GraphPad Prism 5 and SPSS 22.0.

Supplementary information of materials andmethods are described
in Supplementary materials and methods.

3. Results

3.1. Up-regulated CDC20 is associated with poor prognosis, and combina-
tion of CDC20and CD44 expression is a significant prognostic factor in pros-
tate cancer patients

Previous study has indicated that CDC20 is up-regulated in prostate
cancer tissues [30], and higher Gleason score tissues exert higher CDC20
expression level which was shown in our recent study [20]. To confirm
the fundamental role of CDC20 in prostate cancer progression, firstly,
we detected the CDC20 expression level in different stages of prostate
cancer development. Samples from locally advanced prostate cancer
(LAPC), docetaxel treated prostate cancer exhibited higher CDC20 ex-
pression than localised prostate cancers (Fig. 1a, b), Similarly, analysis
of various types of prostate cancer cell lines demonstrated relatively
higher expression of CDC20 in the more aggressive cell lines such as
C4–2B and DU145 (Supplementary Fig. S1a). According to the expres-
sion level of CDC20, all 121 prostate cancer patients were divided into
CDC20low and CDC20high groups, as shown in Supplementary Table S1,
the patients with high expression of CDC20 showed more aggressive
features in superior Gleason score, higher T-stage and positive surgical
margin, they presented much worse biochemical recurrence (BCR) (P
b .001) and disease-free survival (DFS) (P = .0078) through Kaplan-
Meier analysis (Fig. 1c, d), which further indicated that CDC20 may be
used as a predictor for poor survival of prostate cancer patients.

Given that the crucial role of CSCs in recurrence and aggressive pro-
gression of prostate cancer [7], we further investigated the potential
role of CDC20 in regulating prostate CSCs. Many studies showed that
CD44 positive cells can be recognised as putative prostate CSC subpop-
ulation in prostate cancer [13–17], we therefore assessed the relation-
ship between CDC20 and CD44 expression in 121 prostate cancer
patients using immunohistochemical (IHC) analysis, high levels of
CDC20 indeed exhibited elevated CD44 staining in prostate cancer
tissues (Fig. 1e, f), suggesting a positive correlation between CDC20
and CD44 expression. We next explored if co-expression of CDC20 and
CD44 exerts aggressive biological behaviors of prostate cancer. All 121
patients were divided into four groups according to the expression
level of CDC20 and CD44 in prostate cancer samples. As expected, the
patientswith CDC20high/CD44highwere associatedwithmore aggressive
characteristics such asGleason score, T-stage (Supplementary Table S3),
and suffered worse BCR (P = .0063) (Fig. 1g) and inferior DFS (P =
.047) (Fig. 1h), compared with other groups. Taken together, CDC20
may correlate with expansion of prostate CSCs, and co-expression of
CDC20 and CD44 could serve as an effective predictor for the prognosis
of prostate cancer.

3.2. CDC20 is predominantly enriched in prostate CSCs

Given that CDC20 expression is correlated with CD44 in prostate
cancer tissues,whether it is required formaintenance of prostate cancer
stem-like cells (CSCs) needed to be addressed. We first established
three CSC enrichment model: spheroid cells, CD44+ subpopulation
(Supplementary Fig. S1b) and chemo-resistant cell lines (Supplemen-
tary Fig. S1c). The expression level of CDC20 in these three CSCs enrich-
ment model was determined. CDC20 expression level was higher in
spheres fromC4–2B andDU145 cells than in their corresponding adher-
ent cells, whichwas similar as some representative stemness associated
genes such as CD44, CD133, SOX2, OCT4 (Fig. 2a–c). Next, we examined
the CDC20 expression in CD44 positive and negative cells from C4–2B
and DU145, as anticipated, CDC20 expression level was higher in
CD44 positive cells than that in negative cells, and so as some represen-
tative stemness associated genes (Fig. 2d–f). It is acknowledged that
chemo-resistant cells are enriched in CSCs [31], we then detected the
CDC20 expression in docetaxel (first-line chemotherapy for metastatic
CRPC patients) resistant and control cells from C4–2B and DU145,
CDC20 expression level was higher in docetaxel resistant cells than
that in control cells, which is analogous to some representative
stemness associated genes (Fig. 2g–i), and this founding was accor-
dance to the previous studies [32,33]. In conclusion, CDC20 is predomi-
nantly enriched in prostate CSCs, suggesting a putative role of CDC20 in
the maintenance of prostate CSCs.

3.3. CDC20 is required tomaintain stem cell-like features of CD44+ prostate
CSCs

To further investigate the functional role of CDC20 in regulating the
stem-like properties of CD44+ prostate CSCs, we establish Lv-shCDC20-
stable transfectants of prostate cells (C4–2B and DU145) via a
lentivirus-based knockdown approach. In addition, a wide-type (WT)
or mutant type (MT) with a modified codon of CDC20 escaping from
shRNA in Lv-shCDC20-infected prostate cancer cell lines to test if
up-regulation of CDC20 could rescue these inhibitory effects. The
knockdown and rescue efficiency were verified by western blot (Sup-
plementary Fig. S1d). As presented in Fig. 3a, b and Supplementary
Fig. S1d, e, CD44+ cells magnetic sorted from Lv-shCDC20 infection
C4–2B or DU145 cells exhibited down-regulated mRNA and protein
levels of CDC20 and some crucial stemness-related genes (including
CD44, SOX2, OCT4, MYC, KLF4). Considering that strengthened self-
renewal capacity is one of themost crucial features of CSCs, the spheroid
formation and in vitro limiting dilution assayswere performed to inves-
tigate if CDC20 could affect the self-renewal ability of prostate CSCs.
Consistently, both quantity and size of the primary and secondary
spheroids of CD44+ prostate cancer cells were decreased due to the
knockdown of CDC20 (Fig. 3c, d). Meanwhile, decreased expression of
CDC20 led to a lower spheroid initiating frequency (SIF) which further
supported that the silence of CDC20 impeded self-renewal ability of
CSCs in vitro (Fig. 3e, f and Supplementary Table S4). Since drug resis-
tance of CSCs is considered to be involved in chemotherapeutic failure
and tumour progression [8], we next determined whether CDC20
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Fig. 1. Up-regulated CDC20 in advanced prostate cancer tissues was associated with poor prognosis, and combination of CDC20 and CD44 expression is a significant prognostic factor in
prostate cancer. (a)Hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) staining for CDC20 in prostate cancer tissues rankedby different disease stages as localised (n
=83), locally advanced (n=38), docetaxel treated (n=8)were presented (scale bar= 50 μm). (b) Expression of CDC20 in different stageswas evaluated by IRS score, whichwas listed
inMaterials and Methods (P value:Wilcoxon test), values represented as the mean± SD. (c, d) Kaplan-Meier curves for biochemical recurrence (BCR) (c) and disease-free survival (DFS)
(d) of prostate cancer patients were analysed according to CDC20 expression (P value: log rank test). (e) H&E staining and IHC staining of CDC20 and CD44 in prostate cancer tissues (scale
bar = 50 μm); (f) Correlation analysis of CDC20 and CD44 expression in different prostate cancer tissues (Spearman r2 = 0.4184; P value b.001). (g, h) BCR (g) and DFS (h) of prostate
cancer patients in different groups were compared according to CDC20 and CD44 expression using Kaplan-Meier curves (P value: log rank test). All p values were defined as: *p b .05,
**p b .01 and ***p b .001.
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could regulate chemoresistance of prostate CSCs. As shown in Fig. 3g, h,
CD44+ CSCs sorted from Lv-shCDC20 infection C4–2B or DU145 cells
exhibited more vulnerable to docetaxel treatment as compared to the
controls. More importantly, down-regulation of CDC20 significantly
inhibited the invasion and migration ability of CD44+ prostate CSCs as
compared to control (Supplementary Fig. 1f, g), while no significantly



Fig. 2. CDC20 is predominantly enriched in prostate CSCs. (a–c) The mRNA expression of a series of stemness related genes (CD44, CD133, SOX2, OCT4) was analysed by quantitative real
time PCR (qRT-PCR) in adherent and spheroid prostate cancer cell lines C4–2B (a) and DU145 (b); CDC20 mRNA and protein expression were compared between adherent and spheroid
cells using qRT-PCR (a, b) andwestern blot (c) (P value:Wilcoxon test). (d–f) ThemRNA expression of a series of stemness related genes (CD44, CD133, SOX2, OCT4)was analysed by qRT-
PCR in prostate cancer cell spheroids derived from sorted CD44− and CD44+ of C4–2B (d) and DU145 (e); CDC20 mRNA and protein expression were compared between CD44− and
CD44+ cells using qRT-PCR (d, e) and western blot (f) (P value: Wilcoxon test). (g–i) The mRNA expression of a series of stemness related genes (CD44, CD133, SOX2, OCT4) was
analysed by qRT-PCR in prostate cancer cell derived from control and docetaxel resistant C4–2B (g) and DU145 (h); CDC20 mRNA and protein expression were compared between
control and docetaxel resistant cells (DTX-R) using qRT-PCR (g, h) and western blot (i) (P value: Wilcoxon test). The results were collected from three independent experiments and
all data represent Mean ± SD. All p values were defined as: *p b .05, **p b .01 and ***p b .001.
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difference was found in cell cycle distribution between the control and
Lv-shCDC20 groups (Supplementary Fig. 1h).

Previous studies reported that CD44+ prostate cancer cells exhibited
superior tumour initiating rate in vivo [34]. To evaluate whether CDC20
could manipulate tumorigenicity in vivo of CD44+ CSCs subset, xeno-
graft assay was performed by inoculation of several gradient CD44+

cells sorted from CD44-Lv-shCon or Lv-shCDC20 cells. As shown in
Fig. 3i and Supplementary Table S5, 1 × 104 CD44+ Lv-shCon C4–2B
cells efficiently initiated larger tumours in 66.7% (4/6) of mice, while
the equal numbers of CD44+/Lv-shCDC20 C4–2B cells produced only 1
tumour at 7 weeks after injection among 6 injected nude mice. Consis-
tently, only 1 × 103 CD44+/Lv-shCon cells could generate tumours in 1
of 6 injectedmice, whereas 1 × 103 CD44+ cells with CDC20 knokdown
failed to do so at 7 weeks after transplantation, and IHC assay showed a
weakened expression of CDC20 and CD44 in 1 × 104 Lv-shCDC20 cell
group (Fig. 3j), indicating that knockdown of CDC20 attenuated the
CD44+ fractions-driven tumorigenicity in vivo. In conclusion, our data
suggested CDC20 is required to maintain stem cell-like features of
CD44+ prostate CSCs, and may take a part in promoting the tumorige-
nicity of CD44+ prostate CSCs during prostate cancer progression.

3.4. CDC20 activatesβ-catenin signaling via collapsing the destructive com-
plex and promoting β-catenin nuclear translocation and transactivation

To examine the underlying mechanism by which CDC20 maintains
the stem-like properties of CD44+ prostate CSCs, RNA-sequence was
employed to detect differentially expressed genes in CDC20 knockdown
CD44+ C4–2B cells compared to that in control cells, a total of 1600 dif-
ferentially expressed genes were identified using a 2-fold cut-off with a
P-value b.05 (Supplementary Fig. S2a and Supplementary Table S6).
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The first top 60 differentially up- and down-regulated genes were
shown and we noticed that many stemness related genes or β-
catenin/TCF4 target genes exhibited a decreased expression in Lv-
shCDC20 CD44+ C4–2B cells in Supplementary Fig. S2b. Consistently,
the pathway analysis showed that transcriptional regulation of pluripo-
tent stem cells and β-catenin: TCF complex related pathway was differ-
entially regulated in Lv-shCDC20 CD44+ C4–2B cells (Fig. 4a and
Supplementary Table S7) as well as gene ontology (GO) analysis (Sup-
plementary Fig. S2c and Supplementary Table S8). Interestingly, qRT-
PCR assay revealed that a set of important β-catenin target genes such
as c-Jun, c-Myc, cyclin D1, TCF4 and MMP7 were down-regulated in
CDC20 knockdown CD44+ C4–2B cells, whereas overexpression of
CDC20 could recue these inhibitory effectors in mRNA levels (Fig. 4b
and Supplementary Fig. S2d). Next, we investigated whether β-
catenin took a crucial part in the CDC20-regulated stem-like properties
of CD44+ prostate CSCs. The expression of stem-related genes was
higher in CD44+ prostate CSCs with CDC20 overexpression compared
with the control CD44+ prostate CSCs by qRT-PCR, knockdown of β-
catenin (Supplementary Fig. S2e) repressed this effect (Fig. 4c and Sup-
plementary Fig. S2f). Meanwhile, spheroid formation assay indicated
that CDC20 reinforced the self-renewal of CD44+ prostate CSCs, deple-
tion ofβ-catenin abolished this effect of CDC20 (Fig. 4d and Supplemen-
tary Fig. S2g). These results suggested thatβ-catenin is indispensable for
the CDC20-dependent stem-like properties of CD44+ prostate CSCs.

Concrete evidence has proven that Wnt/β-catenin signaling was in-
volved in carcinogenesis and stem-like feature manipulation of CSCs by
activating β-catenin and its nucleus translocation [35]. However, the
pool of β-catenin in the cytoplasm is usually withered accounting for
degradation by the proteasomevia phosphorylated at Ser45 [36]. There-
fore, we assessed if CDC20 could maintain β-catenin and promote its
nuclear localization. Western blot assay showed that the expression
level of p-β-cateninSer45 was elevated in cytoplasm of CD44+ prostate
CSCs after CDC20 knockdown, meanwhile the expression of β-catenin
was down-regulated in nucleus (Fig. 4e–f). Thus, these results sug-
gested that CDC20 expression is necessary for the stability of β-
catenin in the cytosolic and its nuclear translocation.

Considering that the degradation of cytoplasmic β-catenin is manip-
ulated by the “destructive complex” which comprised of Axin1, APC,
and glycogen synthase kinase 3β (GSK-3β) [36], we examined the po-
tential link between CDC20 and β-catenin or its destructive complex
members. Western blot assay indicated that alternations of CDC20 in
prostate cancer cells influenced β-catenin and Axin1 expression level
but not APC and GSK-3β (Supplementary Fig. S2h,i). We next detected
the direct interaction between CDC20 and β-catenin or Axin1, the co-
immunoprecipitation assay suggested that CDC20 and Axin1 could
bond to each other in CD44+ C4–2B (Fig. 4g) and CD44+ DU145 cells
(Supplementary Fig. S2j), while there was no interaction between
CDC20 and β-catenin (Supplementary Fig. S2k). Given that CDC20 is
an E3 Ubiquitination ligase, we next explored whether knockdown
CDC20 could impede the degradation of Axin1. As expected, western
blot assay revealed that Axin1wasmore stable with CDC20 knockdown
under the treatment by cycloheximide (CHX), a protein synthesis inhib-
itor (Fig. 4h). Meanwhile, the enhanced maintenance of Axin1 was not
detected in the presence of MG132 (a proteasome inhibitor) (Supple-
mentary Fig. S2l) Thus, these results indicated that CDC20 could pro-
mote Axin1 degradation through a proteasomal-dependent pathway
Fig. 3. CDC20 is required to maintain stem cell-like features of CD44+ prostate CSCs. (a, b) T
expressed C4–2B CD44+ (a) or DU145 CD44+ (b) cells were evaluated by qRT-PCR. Quanti
value: Wilcoxon test). (c, d) Relative expression of CDC20 and a series of stemness related ge
prostate cancer cell spheroids derived from CD44+ C4–2B (c) or DU145 (d) with CDC20 kn
value: Wilcoxon test). (e, f) The limiting dilution assay of spheroid formation was performe
gradient cell numbers as indicated. (g, h) The indicated CD44+ C4–2B (g) or DU145 (h) cell
measured by CCK-8 assay (P value: Wilcoxon test). (i) A total of 1000, 5000 or 10,000 Con or
mice (n = 6/group). The tumour xenografts derived from Con or shCDC20 CD44+ C4–2B c
staining of CDC20 and CD44 were examined in second generation tumours derived from Co
collected from three independent experiments and all data were represented as Mean ± SD. A
rather than by protein synthesis, although the concrete interaction
mode between CDC20 and Axin1 needs to be further elucidated.
Taken together, CDC20 directly binds with Axin1 and to some extent in-
tensified Axin1 degradation activities, which may impede the destruc-
tive complex, resulting in enhancement of the stability of β-catenin
and its translocation to nucleus.

3.5. Expression of CDC20andβ-catenin predictsmalignant clinicopatholog-
ical features and prognosis for prostate cancer patients

Considering the crucial role of CDC20 and β-catenin in the stem-like
features of CD44+ prostate CSCs, we next explored the clinical correla-
tion between CDC20 and β-catenin in prostate cancer specimens. IHC
analysis was performed in prostate cancer specimens from 121 patients
(Fig. 5a), positive correlation was identified between CDC20 and β-
catenin expression (p b .001) (Fig. 5b). Next, we evaluated whether
the combined expression of CDC20 and β-catenin could serve as a
predicter for malignant clinicopathological features and prognosis for
prostate cancer patients. According to their tumoral CDC20 and β-
catenin expression, all 121 patients were divided into 4 groups (Supple-
mentary Table S9), the concomitant high expression of CDC20 and β-
catenin was associated with worst clinicopathological features and
prognosis for prostate cancer patients (Supplementary Table S9,
Fig. 5c, d). Thus, the concomitant over-expression of CDC20 and β-
catenin can serve as an effective predictor for unsatisfactory prognosis
of prostate cancer patients, further supporting the important role of
CDC20 and β-catenin in the progression of prostate CSCs.

4. Discussion

Despite recent advances in new drugs for the treatment of metasta-
tic prostate cancer, current treatments gain unsatisfied survival benefits
due to acquired drug resistance and disease progression [3]. Recent
studies have proven that CSCs exert a critical role in tumorigenesis
and spread of prostate cancer [34]. Thus, targeted elimination of pros-
tate CSCs may be an effective option to inhibit malignant biological be-
haviors of prostate cancer. For this purpose, the potential molecular
mechanisms by which CDC20 manipulates prostate CSCs require to be
elucidated. In this study, we reported that CDC20 is required formainte-
nance of CD44+ prostate CSCs via enhancing Axin1 degradation and
promoting β-catenin translocation to nuclear and transactivation
(Fig. 5e). To our best knowledge, it is the first report that there was a
positive correlation between CDC20 and CD44 expression in clinical
prostate cancer specimens. Likely, CDC20 is preferentially expressed in
parts of spheroids or CD44+ or chemo-resistant prostate cancer cell
lines. In addition, lentiviral-based methods of interfering with CDC20
significantly inhibited CSC self-renewal ability and inhibited CSCs-
driven in vivo tumorigenicity. Our further studies have also found that
Wnt/β-catenin signaling plays a critical role in themaintenance of pros-
tate CSC. Mechanically, knockdown of CDC20 expression impairs nu-
clear translocation of β-catenin and impedes its transcriptional
activity, thereby attenuating activation and expansion of prostate
CSCs. These findings also indicated that CDC20 can be used as a thera-
peutic target to eradicate CSCs in prostate cancer management.

Recent studies have highlighted the critical role of CDC20 in hemato-
poietic stem cells and cancer stem cells. CDC20 regulates hematopoietic
he mRNA expression levels of multiple stemness-related genes in CDC20-silenced or re-
fied mRNA levels were normalized to β-actin and presented relative to the controls (P
nes (CD44, MYC, SOX2, OCT4, KLF4) was examined in primary and secondary passaged
ockdown or re-expression (Scale bar = 75 μm), the spheroid number was counted (P
d in control and Lv-shCDC20 C4–2B CD44+ (e) or DU145 CD44+ (f) cells with different
s were treated with docetaxel of different gradient concentration and cell viability was
shCDC20 CD44+ C4–2B cells were subcutaneously injected into 6-week-old, male, nude
ells and the tumour incidence (inc.) in two generations were shown. (j) H&E and IHC
n or shCDC20 CD44+ C4–2B cells (Scale bar = 50 μm). All representative results were
ll p values were defined as: *p b .05, **p b .01 and ***p b .001.



Fig. 4. CDC20 activates β-catenin signaling via collapsing the destructive complex and promoting β-catenin nuclear translocation and transactivation. (a) Signaling pathway analysis of
differentially expressed genes in control relative to shCDC20 CD44+ C4–2B cells; FDR: false discovery rate. (b) The mRNA expression levels of a series of β-catenin/TCF targeted genes
in CDC20-silenced or re-expressed C4–2B CD44+ cells were evaluated by qRT-PCR (P value: Wilcoxon test). (c) The qRT-PCR assay was performed to detect the mRNA expression of
multiple stemness related genes in indicated groups (P value: Wilcoxon test). (d) The spheroid formation assay of CD44+ C4–2B of indicated groups was conducted and spheroid
number was counted (P value: Wilcoxon test). (e) Western blotting assay of cytoplasmic and nuclear proteins were extracted from CD44+ C4–2B or DU145 cells with and without
CDC20 knockdown. (f) Immunofluorescence staining of β-catenin was performed in CD44+ C4–2B or DU145 cells with and without CDC20 knockdown. (g) Interaction of Axin1 and
CDC20 in CD44+ C4–2B cells was detected by western blot. (h) Western blot assay for Axin1 and CDC20 expression level was examined in CD44+ C4–2B cells with Con or CDC20
knockdown upon treatment of 50 μg/mL of cycloheximide (CHX) at various time points, and the percentage of intensity compared to 0 min was calculated. The results were come
from three independent experiments and all data were represented as Mean ± SD. All p values were defined as: *p b .05, **p b .01 and ***p b .001.
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stem cell hematopoiesis and leukemia by promoting ubiquitination of
MEIS1 and p21 [27]. It is preferentially expressed in the basal and supe-
rior layers of the epidermis rather than differentiated cells, and serves as
an effective key regulator for adult stem cell fate [37]. CDC20 also can
enhance the stability of SOX2 by directly interactingwith SOX2, thereby
conferring self-renewal and tumorigenicity in glioblastoma [38].

So far, high expression of cancer stem-like cell marker CD44 is asso-
ciated with chemical and radiotherapy resistance in breast [39],



Fig. 5.The expression of CDC20 andβ-catenin predictsmalignant clinicopathological features and prognosis for prostate cancer patients. (a)H&E staining and IHC staining of CDC20 andβ-
catenin were shown in prostate cancer tissues (scale bar = 50 μm). (b) Correlation analysis of CDC20 and β-catenin expression was performed in different prostate cancer tissues
(Spearman r2 = 0.5979; P value b.001). (c, d) BCR (c) and DFS (d) of prostate cancer patients in different groups were compared according to CDC20 and β-catenin expression using
Kaplan-Meier curves (P value: log rank test). (e) The schematic diagram of underlying mechanisms was described in our study. All p values were defined as: *p b .05, **p b .01 and
***p b .001.
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colorectal [40], pancreatic [41] and prostate cancers [13–17]. It is also
associated with aggressive proliferation and metastasis of cancers
[42,43]. We assessed the expression level of CDC20 in spheroid,
CD44+ or chemo-resistant cells. The results supported that CDC20 pro-
motes the development of prostate cancer by regulating the prostate
CSCs, targeting CDC20 in CD44+ prostate CSCs impeded their stemness
and attenuated their ability to tumorigenesis in vivo.

To uncover the underlying mechanisms how CDC20 regulates pros-
tate CSC stemness, RNA sequences were performed to screen the differ-
entially regulated genes and corresponding pathways under
knockdown of CDC20 in CD44+ C4–2B prostate cancer cells. Interest-
ingly, the pathway of transcriptional regulation of pluripotent stem
cells was significantly affected in the Lv-shCDC20 group, as well as a se-
ries of pathways consistently down-regulated, such as the β-catenin/
TCF transactivation complex, the Hippo pathway, the Notch pathway
and the ABC family, which were involved in the regulation of biological
functions and characteristics of stem-like cells and drug resistance in
previous study [44]. Among them, abnormal activation of the Wnt/β-
catenin signaling pathway usually exerts a critical role in regulating
prostate CSCs expansion during prostate cancer progression and
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androgen deprivation treatment resistance [45,46]. Our data found that
down-regulation of CDC20 inhibits mRNA expression of c-Jun, c-Myc,
MMP7, cyclin D1 and TCF4, which are the major downstream targets
for β-catenin/TCF signaling, and the MMP7 expression was weaken
may give a clue for illuminating its role on impeding the invasion ability
of cancer stem-like cells. It is well known that β-catenin is always phos-
phorylated in cytoplasm by its “destructive complex” and sequentially
degraded by the proteasome system [47]. Thus, disrupting the forma-
tion of this complex can result in the accumulation of stabilised β-
catenin and its translocation into nucleus to transactive the down-
stream genes such asMMP7 and c-Myc. To elucidate how CDC20 affects
theWnt/β-catenin pathway, we found that CDC20-driven regulation on
β-catenin signaling by promotingAxin1degradation. Thus, the inactiva-
tion of destructive complexes stabilised β-catenin and enhanced its nu-
clear translocation and transactive ability in prostate CSCs. Previous
study suggested that c-Myc, the key target effector of β-catenin path-
way, is closely related to stem-like properties regulation, whereas de-
pletion of c-Myc could reverse the tumourigenic potential of CSCs
[48]. CDC20 is an important target gene for c-Myc [49], therefore,
whether a positive feedback loop could be formed between CDC20
and c-Myc still needs to be further elucidated.

Based on our results, we believe that CDC20, through its regulation
of prostate CSCs, contributes at least to some extent to the aggressive-
ness and chemo-resistance of prostate cancer, which was further sup-
ported by clinical studies showing that CDC20 in combination with
CD44 or β-catenin provides a newprognostic indicator for prostate can-
cer patients. In conclusion, knockdown of CDC20 can be used for thera-
peutic benefit and represents an effective adjuvant anti-cancer
treatment to eliminate CSCs during prostate cancer progression.
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