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Abstract

Castration-resistant prostate cancer (CRPC) remains a major clinical challenge due to the lack of 

effective targeted therapy for its treatment. The mechanism underlying how CRPC gains resistance 

towards hormone depletion and other forms of chemotherapy is poorly understood. Research on 

understanding the factors that drive these processes is desperately needed to generate new 

therapies to cure the disease. Here, we discovered a fundamental role of S-phase protein kinase 2 

(Skp2) in the formation and progression of CRPC. In transgenic adenocarcinoma mouse prostate 

model, Skp2 depletion leads to a profound repression of prostate tumor growth and distal 

metastasis and substantially prolonged overall survival. We revealed that Skp2 regulates CRPC 

through Twist-mediated oncogenic functions including epithelial-mesenchymal transition (EMT) 

and cancer stem cell (CSC) acquisitions. Mechanistically, Skp2 interacted with Twist and 

promoted the non-degradative ubiquitination of Twist. Consequently, Skp2 stabilized Twist protein 

expression by preventing proteasomal degradation of Twist by β-TrCP. We found that Twist 
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overexpression augments CSC self-renewal and population and that Skp2 inhibition reverts 

Twist’s effects on CSC regulation. Furthermore, genetically depleting or pharmacologically 

inactivating Skp2 synergistically re-sensitized CRPC cells towards chemotherapies such as 

paclitaxel or doxorubicin. Together, the current study uncovering Skp2-mediated Twist 

stabilization and oncogenic functions in CRPC offers new knowledge on how CRPC progresses 

and acquires chemoresistance during tumor progression. It provides prove-of principle that Skp2 

targeting is a promising approach to combat metastatic CRPC by targeting Twist and CSCs.
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Introduction

Prostate cancer is the second-leading cause of cancer mortality in men. The androgen 

signaling pathway accounts for the proliferation of prostate cancer cells and thus androgen 

deprivation therapy (ADT) represents the mainstay therapy for advanced prostate cancer. 

Prostate tumors initially respond to ADT but ultimately progress after 2–3 years even with 

continuous hormonal withdrawal.1 This results in a lethal and drug-resistant form of prostate 

cancer known as castration-resistant prostate cancer (CRPC). Systematic chemotherapy with 

taxanes is a standard treatment for metastatic CRPC,2 yet the overall benefit on patient 

survival is modest.3 Mechanisms that underline the progression of androgen-independent 

prostate cancer includes gene amplification, activating mutations and increased activity of 

AR and the crosstalk of AR to other growth factor signaling.4,5 In recognition of the 

sustained AR signaling in the progression of CRPC, several new inhibitors of AR signaling 

such as MDV3100 (now known as enzalutamide) and abiraterone that act beyond 

antagonists have been investigated in clinical trials and approved by US Food and Drug 

Administration. Although these novel cytotoxic agents effectively block AR signaling and 

display initial success in improving clinical responses of CRPC patients, their prostate 

tumors eventually progress.6,7 Better understanding of how CRPC become resistant to 

hormone therapy or chemotherapy is in great demand.

The vital roles of epithelial-mesenchymal transition (EMT) in acquiring cancer stem cell 

(CSC) feature and drug resistance has been well established. Recent studies revealed that 

following androgen deprivation, EMT and increased CSCs emerge in prostate tumors 

developed in prostate-xenograft mouse model.8,9 Twist transcription factor is a key driver 

bestowing cancer cells with EMT and CSC features. Twist protein is overexpressed in 

castration-resistant tumors and in prostate cancer cells with either de novo or acquired 

castration resistance.8 Overexpression of Twist in prostate cancer cells confers resistance to 

Taxol.10 Inactivation of Twist mitigates the EMT process and inhibits cell growth and 

migration of prostate cancer.10 These reports together illustrated a critical role of Twist in 

prostate tumorigenesis and drug resistance. Twist protein is upregulated in majority (90%) of 

malignant prostate cancer tissues.10 Contrary to the high incidence of overexpression at 

protein level, genetic alterations including mutation, amplification and upregulation of Twist 

are less frequently detected in prostate tumors. Current knowledge regarding how Twist 
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protein is upregulated in prostate cancer is limited. Deciphering the regulatory machinery 

that controls post-translational regulation of Twist is a crucial to develop new cancer therapy 

against CRPC.

Skp2 (S-phase kinase associated protein-2), an F-Box protein responsible for substrate 

recognition, is a critical component of the SCF E3 ubiquitin ligase complex.11 We and others 

have reported that Skp2 interact with multiple signaling pathways including Akt and pRb 

and genetic silencing of Skp2 restricts the development of tumors driven by these 

alterations.12,13 Skp2 is overexpressed in prostate cancer and its overexpression is correlated 

with tumor stage, recurrence and poor patient survival.14,15 Skp2 gene expression is 

associated with aggressive behavior of prostate cancer, evident by its upregulation in 

androgen-independent metastatic tumors.16 Animal studies have established Skp2’s essential 

role in the development of prostate cancer. For instance, overexpression of Skp2 induces 

proliferation and subsequent hyperplasia, dysplasia and low-grade carcinoma in the prostate 

gland.17 Loss of Skp2 suppresses the growth of Pten-deficient prostate cancer by triggering 

cellular senescence through up-regulation of p21, p27 and ATF4 in vivo.18 Skp2 expression 

is reduced upon castration of androgen-dependent CWR22 xenograft tumors and more 

importantly, Skp2 is re-expressed when CWR22 xenografts progress to androgen 

independency post castration,19 implying a critical role of Skp2 in castration resistance. In 

this study, we revealed a novel link between Skp2 and Twist in castration-resistant prostate 

cancer cells. We presented several lines of evidence supporting Skp2-Twist axis is a crucial 

pathway for CRPC development. Skp2 promoted non-degradative Twist ubiquitination and 

stabilized Twist, thereby inducing EMT and CSC characteristics. Skp2 inhibition by either 

genetic or pharmacological approaches diminished Twist-mediated CSC and 

chemoresistance in CRPC cells. Our study collectively provides new knowledge that Skp2 is 

required for Twist-mediated EMT and stem-like features of CRPC, suggesting Skp2 

targeting is a compelling strategy to combat chemoresistant CRPC.

Results

Genetic depletion of Skp2 inhibits the cancer growth and progression in TRAMP mouse

While much has emerged regarding Skp2 and its oncogenic role in prostate cancer, the 

current knowledge of the downstream targets of Skp2 related to CRPC still remains limited. 

The TRAMP (transgenic adenocarcinoma mouse prostate) mouse carries the SV40 large T 

antigen (Tag) under the control of the probasin regulatory element, selectively activated by 

androgens in the prostate epithelia. TRAMP mice develop spontaneous prostate cancer, 

wherein tumor development resembles disease progression in humans, from prostatic 

intraepithelial neoplasia (PIN) to metastatic CRPC.20,21 To determine the role of Skp2 in 

CRPC and its crosstalk with Twist, we crossed Skp2+/− mice with TRAMP mice to compare 

the tumorigenesis in the cohort consisting of wild type (WT), TRAMP and TRAMP/Skp2−/− 

male mice (Figure 1a). As expected, the TRAMP progeny mice in our cohort spontaneously 

developed tumors in ventral (V.P.) and/or anterior (A.P.) prostate glands (Figure 1b). 16 out 

of 16 TRAMP mice analyzed at the age of 9–10 months carried huge tumor mass in the 

prostate (1.8–6.3 g in weight) (Figures 1b and c). There was only one out of 15 age-matched 

mice analyzed that developed noticeable tumor (1.5g in weight) in TRAMP/Skp2−/− mice 
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(Figures 1b and c). Quantification analysis of tumor weight in the various cohorts of mice 

demonstrated that Skp2 ablation profoundly inhibits tumor growth (Figure 1c). Histological 

analysis showed that multifocal hyperplasia/adenocarcinoma lesions appeared in the prostate 

tissues of TRAMP mice (Figure 1d, middle and Supplementary Figure S1a). Only one 

TRAMP/Skp2−/− mouse ever progressed beyond the PIN stage in a total of 19 mice 

examined, 15 mice at the age of 9–10 months and an additional 4 mice at around 14 months. 

The majority of TRAMP/Skp2−/− mice examined were found to have developed hyperplasia 

or dysplasia (Figure 1d, left). Enlarged spleen was detected in tumor-bearing TRAMP mice 

whereas this effect is relieved by Skp2 knockout (Supplementary Figure S1b). Together, 

these results dictate a crucial role of Skp2 in tumor initiation and formation in TRAMP 

mice.

Loss of Skp2 inhibits distant metastasis of prostate cancer in TRAMP mice

Prostate cancer deaths are largely attributed to the occurrence of distant organ metastasis.22 

Following the disease course developed in TRAMP mice in our cohort, we found that 100% 

of TRAMP mice displayed lymph node metastasis by 8 months, 55% of mice develop 

distant organ metastasis in adrenal glands and about 30% of mice with lung and/or liver 

metastasis (Figures 2a–c). These findings are consistent with previous reports dictating that 

TRAMP mice is a useful tool to study the metastatic process to lymph node and distant 

organs. Intriguingly, loss of the Skp2 gene, drastically reduced prostate cancer metastasis 

potential to adrenal glands, livers and lungs (Figures 2a–c). Histopathological analysis 

performed at the metastatic organs further illustrated that there were no metastatic prostate 

cancer phenotypes displayed in TRAMP/Skp2−/− mice (Figures 2a–c), underscoring that 

Skp2 knockout prevents the distal metastatic process of prostate cancer. In addition to the 

markedly reduction in tumor formation and distant metastasis, Kaplan-Meier plot analysis 

showed that Skp2 ablation greatly prolonged the survival of TRAMP for more than 6 months 

(median survival from 10 months [TRAMP] to greater than 16 months [TRAMP/Skp2−/−]) 

in our cohort (Figure 2d). Of note, three out of the 16 TRAMP/Skp2−/− mice analyzed in our 

cohort that died by the age of 16 months did not develop detectable distant metastasis. For 

the three TRAMP/Skp2−/− mice that died before 16 months, one displayed PIN whereas the 

other two had dysplasia. This immense improvement of survival rate in vivo suggests that 

targeting Skp2 is a powerful approach to prevent and/or treat CRPC.

Skp2 deficiency decreases Twist protein expression by promoting Twist proteasomal 
degradation

A recent gene expression analysis of CRPC tissues revealed a positive correlation between 

Twist expression and CRPC metastases.23 Studies with TRAMP mice showed increased 

Twist expression in prostate tumors and its overexpression is associated with disease 

progression.20,24 To further study the crosstalk between Skp2 and Twist as well as their 

requirements in the development and progression of CRPC. Two prostate cancer cell lines 

were selected to study CRPC biology: PC3 and CWR22Rv1 (termed 22Rv1 hereafter). PC3 

cells display de nova resistance to castration due to its intrinsic activation of androgen-

independent cell growth mediated by double deficiency of Pten and p53 tumor suppressors. 

22Rv1 cells harbor acquired resistance by continual in vivo selection after castration-

induced regression and relapse.25 Using two CRPC-relevant cell lines, we depleted Skp2 
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expression using shRNA (short hair pin RNA). Western blot revealed that upon Skp2 

knockdown in PC3 cells, Twist protein expression level was significantly reduced to a level 

comparable to Twist knockdown (Figure 3a). Likewise, Skp2 deficiency in 22Rv1 cells 

resulted in Twist downregulation (Figure 3b). Two different shRNAs were used in both 

CPRC cell models to ensure the reduction of Twist protein expression was attributed to Skp2 

gene silencing. While Skp2 has been shown to regulate a myriad of protein substrates post-

translationally, our previous report illustrated that Skp2 can work in concert with Myc for 

regulating gene transcription.26 To study if Skp2 regulates Twist expression on a 

transcriptional level, we performed real time (RT)-PCR to examine Skp2’s effects on Twist 

gene expression. We found that Twist mRNA level remains intact upon genetic silencing of 

Skp2 in two CRPC cells (Figure 3c and d). These observations indicate that Skp2 is not 

involved in the gene transcription of Twist. Furthermore, decreased Twist expression level 

by Skp2 knockdown can be rescued upon treatment of the proteasome inhibitor MG132 

(Figure 3e and Supplementary Figure S2). Additionally, Skp2 deficiency resulted in a more 

rapid degradation of Twist protein upon cycloheximide (CHX) treatment when compared to 

control (Figure 3f). Together, these results indicate that Skp2 orchestrates Twist expression 

on a post-translational level in both intrinsic and acquired CRPC cells and this regulation 

acts through proteasome-mediated proteolysis.

Skp2 mediates ubiquitination of Twist and prevents Twist degradation by β-TrCP

Ubiquitination is a post-translational modification that is important for regulating 

proteasome-dependent degradation of protein substrates and is known to regulate a variety of 

biological processes including cell proliferation, apoptosis, autophagy, etc.27 Skp2, as a 

substrate recognition protein of SCF E3 ligase complex, regulates downstream protein 

substrates primarily through promoting ubiquitination.11 In view of Skp2’s ability to 

regulate Twist post-transcriptionally, we questioned whether Skp2 does so by triggering 

ubiquitination of Twist. We examined the interaction between Skp2 and Twist through co-

immunoprecipitation. Our data revealed that immunoprecipitation of Twist successfully 

pulled down Skp2 endogenously (Figure 4a and Supplementary Figure S3a), indicating that 

Skp2 and Twist endogenously interact with each other. We next explored whether Twist is a 

substrate of Skp2-mediated ubiquitination. Indeed, in vivo ubiquitination assay 

demonstrated that Skp2 robustly promoted ubiquitination of Twist (Figure 4b). Skp2-

promoted Twist ubiquitination was found to stabilize Twist protein expression (Figure 4b), 

consistent with our finding that Skp2 prevents proteasome-mediated Twist degradation as 

shown in Figures 3a and b. Moreover, Skp2 promoted K63-but not K48-linked 

ubiquitination of Twist (Figure 4c). To explore if Skp2’s effect on Twist is attributed to its 

E3 ligase activity, two Skp2 SCF E3 ligase dead mutants, Skp2-NES (nuclear export signal) 

and Skp2-LRR (leucine-rich repeat),12 were included for in vivo ubiquitination assay. 

Compared to WT, both E3 ligase mutants of Skp2 exhibited profound impairment in 

promoting Twist ubiquitination (Figure 4d), concluding the importance of E3 ligase activity 

of Skp2 in regulating Twist ubiquitination. These findings suggest that Skp2 is a new 

mechanism for activating Twist protein functions and Twist-mediated cellular processes by 

promoting Twist ubiquitination and stabilization.
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Twist is a transcription factor that exerts its biological functions through transcriptional 

events in the nucleus. We recently discovered that Twist ubiquitination by RNF8 E3 ligase in 

breast cancer accounts for Twist localization to the nucleus.28 We therefore examined if 

Skp2 deficiency in CRPC cells would affect Twist localization to the nucleus. To answer this 

question, we performed biochemical fractionation assay in control and Skp2-knockdown 

PC3 cells. Our data showed that although Twist expression in the nuclear extract was 

reduced upon Skp2 knockdown, its level of reduction is proportional to the reduction 

detected in whole cell extract (Supplementary Figure S3b). Moreover, the Twist reduction in 

nucleus was not accompanied by Twist accumulation in the cytoplasm (Supplementary 

Figure S3b). Together, these results suggest that Skp2 does not affect nuclear localization of 

Twist and indicate that an alternative mechanism is involved in Skp2’s regulation of Twist.

A previous study showed that β-TrCP E3 ligase has the ability to ubiquitinate Twist, leading 

to its proteasomal degradation.29 Consequently, others have shown that Skp2 degrades β-

TrCP and that Skp2 knockdown leads to the accumulation of β-TrCP.30 These findings 

sparked us to determine whether Skp2 stabilizes Twist through downregulating β-TrCP. 

Western blot analyses on PC3 and 22Rv1 cells with control and Skp2 knockdown showed 

that Skp2 deficiency did not result in β-TrCP accumulation (Supplementary Figures S4a and 

b). We then investigated whether Skp2 downregulates Twist by impairing the interaction 

between β-TrCP and Twist using a co-immunoprecipitation assay (Figure 4e). In order to 

visualize the binding of Twist to β-TrCP, we added MG132 to prevent Twist degradation. In 

agreement with previous reports, the interaction between Twist and β-TrCP was detected in 

control cells (Figure 4e). Importantly, we found that Skp2 knockdown enhanced Twist 

binding to β-TrCP (Figure 4e), supporting the notion that that Skp2 stabilizes Twist through 

antagonizing β-TrCP-mediated Twist proteolysis.

Skp2 regulates EMT in CRPC cells

The EMT process is a prerequisite for cancer cell metastasis which is associated with the 

loss of expression in epithelial markers and gain of expression in mesenchymal markers.31 

Twist, an EMT inducing transcription factor, has been known to play a key role in the EMT 

process and in CSC acquisition.32 Thus, we sought to explore the transcription levels of 

several EMT markers. Upon Skp2 knockdown in PC3 cells, we discovered that the epithelial 

marker E-cadherin mRNA level was increased while several mesenchymal markers such as 

N-cadherin, Vimentin, S100A4, were significantly reduced (Figure 5a). Notably, Skp2 

genetic silencing also downregulates gene transcription of Zeb1 and Zeb2, EMT-inducing 

transcription factors (Figure 5b). This observation supports a previous report showing 

Twist’s essential role in promoting Zeb1 gene expression.33 We examined the gene 

expression of stem cell markers BMI1 and Nanog and found reduced BMI1 and Nanog 

mRNA levels in response to deficiency of Skp2, similar to Twist deficiency (Supplementary 

Figures S5a and b). Besides transcriptional levels, we also examined the protein expression 

level of EMT markers and found that Skp2 ablation reduces protein expression of multiple 

mesenchymal markers including N-cadherin, Vimentin and Zeb1 (Figure 5c). We used 

immunofluorescent staining to examine the E-cadherin and N-cadherin protein expression 

and distribution in response to Skp2 deficiency. Skp2 depletion resulted in increased E-

cadherin and decreased N-cadherin in the plasma membrane compared to control PC3 cells 
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(Figure 5d). Of note, Skp2 deficiency consistently reduced the protein expression of Snail 

but not Slug in CRPC cells (Supplementary Figure S6). Importantly, IHC analysis 

demonstrated that Skp2 depletion led to reduced Twist protein expression and upregulated 

E-cadherin in prostate tumors/tissues of our mouse cohort (Figure 5e), establishing Skp2’s 

critical role in Twist expression and EMT in vivo. Together, our data suggests that Skp2 

recapitulates Twist’s effects on EMT and CSC, two biological processes important for 

CRPC progression.

Skp2 regulates CSCs and chemosensitivity in CRPC cells

Systemic chemotherapy with taxanes is the frontline treatment for CRPC patients with 

metastasis. Although docetaxel indeed prolonged survival of CRPC patients, most patients 

would experience disease progression in around 7 months. Many studies have documented 

the existence of CSCs in prostate cancer. CSCs which possess unlimited self-renewal ability 

and can regenerate tumorigenic progenies, have been demonstrated to play a pivotal role in 

tumor initiation, progression and therapy resistance. Recent evidence by Puhr et al. 

documented reduced E-cadherin expression in docetaxel-resistant cells.34 Marín-Aguilera et 

al. showed that docetaxel-resistant cells harbored increased expression of EMT and stem-

like cell markers.35 These reports together implicate EMT as a mechanism conferring 

chemoresistance and endowing CSC phenotype in prostate cancer. Tumor sphere formation 

assay is a gold standard assay used to determine the self-renewal ability and population 

CSCs.36 To determine whether Twist is indeed the driver for CSC generation and expansion 

in CRPC, we induced Twist expression in PC3 and 22Rv1 cells and confirmed successful 

Twist overexpression using Western blot analysis (Supplementary Figures S7a and b). We 

then analyzed Twist’s impact on the tumor sphere forming ability of PC3 and 22Rv1 cells. 

Our data showed that prostate tumor spheres appear to be larger in size as well as in number 

upon Twist overexpression, depicting that cancer stemness corresponds to the Twist 

expression level (Figures 6a and b). Having proven Skp2 as a new upstream regulator of 

Twist, we next determined if Skp2 also affects tumor sphere formation of CRPC cells. Skp2 

deficiency in 22Rv1 cells reduced both the size and the total number of tumor spheres 

(Figure 6c), signifying the importance of Skp2 in regulating CSCs of CRPC. In our previous 

work, we identified a specific small molecule Skp2 inhibitor denoted as compound #25.37 

Pharmacological inhibition of Skp2 by compound #25 elicited a dose-dependent Twist 

protein reduction in both 22Rv1 and PC3 cells (Supplementary Figures S7c and d), 

recapitulating the effects mediated by Skp2 genetic silencing. Twist-increased self-renewal 

of CSCs was greatly abolished upon administration of compound #25 (Figure 6d), 

underscoring the requirement of Skp2 in Twist-mediated CSC expansion.

We next determined whether Skp2 targeting sensitizes CRPC cell responses towards 

chemotherapeutics. Indeed, genetic silencing of Skp2 synergistically induced cell responses 

to doxorubicin in two CRPC cells (Figure 6e and Supplementary Figure S8a). Likewise, 

Skp2 knockdown augmented 22Rv1 CRPC cell sensitivity to paclitaxel treatment (Figure 

6f). Combination therapy is often used for optimal effectiveness of chemotherapy therefore, 

we sought to test whether compound #25 can be used as a therapeutic regimen to improve 

chemosensitivity of CRPC. Intriguingly, doxorubicin or paclitaxel in conjunction with 

compound #25 substantially heightened cytotoxicity of CRPC cells (Figure 6g and 
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Supplementary Figure S8b). To explore the mechanistic insight of how compound #25 

inhibits Twist activity on CSCs, we performed Twist ubiquitination assay and found that 

Skp2-promoted Twist ubiquitination and protein expression were impaired by compound 

#25 (Supplementary Figure S9). Our data collectively suggest that Skp2 targeting is a 

promising approach for preventing the development and chemoresistance of CRPC by 

destabilizing Twist.

Discussion

Skp2 and Twist separately have been associated with androgen-independent growth and 

malignancy of prostate cancer but the crosstalk between Skp2 and Twist and the causal role 

of Skp2/Twist pathway in CRPC remains elusive. In this study, we reveal that Skp2 is 

essential for CRPC progression and chemoresistance by stabilizing Twist and Twist-

mediated EMT and CSC self-renewal (Figure 7).

Studies in TRAMP mice have shown that they produce neuroendocrine (NE) differentiation 

feature.38 While NE differentiation is not a frequent phenotype associated with human 

prostate cancer, it occurs as prostate cancer progresses to CRPC and some CRPC patients 

indeed develop NE tumors.25,39,40 TRAMP model is a useful tool to study the complex 

pathogenesis for CRPC. Previous reports have shown that the TRAMP tumors overexpress 

Twist and conversely, inhibiting Twist suppresses tumor progression in TRAMP mice.20,24 

Establishing TRAMP/Skp2−/− mice allows us to visualize the effects of depleting Skp2 in a 

CRPC environment with Twist upregulation. We showed that Skp2 depletion greatly 

represses tumorigenesis and metastasis in TRAMP mice. We further show that Skp2 

inactivation inhibits Twist-increased CSCs in CRPC cells. Results from this work indicate 

that Skp2-mediated Twist upregulation is an important mechanism for CRPC progression 

and chemoresistance. Aside from Twist, a number of genetic alternations, such as co-

inactivation of tumor suppressors, p53 with pRb and p53 with Pten, have been implicated in 

the development of CRPC.41,42 Double knockout of p53 and pRb in murine prostate 

epithelial cells leads to invasive prostate carcinoma which can be repressed upon genetic loss 

of Skp2, has been shown to repress the development of invasive prostate carcinoma in 

p53/pRb double knockout mice, although it is unclear whether the analyzed prostate cancer 

have progressed into CRPC.13 Skp2 inactivation restricts tumorigenesis driven by singe 

deficiency of p53 or Pten.18,43 While it remains undetermined whether Skp2 is required for 

the development of CRPC driven by Pten/p53 double deficiency, a recent study reported 

Skp2 upregulation in such CRPC tissues.44 Consistently, our study showed that Skp2 is 

essential for regulating CSCs and chemosensitivity in Pten/p53 double-null PC3 cells. 

Future animal studies are needed to determine whether Skp2 inhibition can counteract the 

CRPC progression by Pten/p53 co-inactivation and or other oncogenic insults. Our study 

together with previous reports45–47 suggest that Skp2 inhibitors can be promising 

therapeutics not only for treatment-naïve but also CRPC.

Twist protein is overexpressed is in 90% of prostate tumors and is correlated with prostate 

cancer metastasis.10 Twist promotes AR transcription and thus accounts for AR 

overexpression, a primary mechanism for CRPC.48 The knowledge of how Twist is 

upregulated post-transcriptionally in CRPC is very limited. Zhu’s group has demonstrated 
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that Skp2 expression closely follows the prostate tumor responses to castration. Skp2 is 

shown to be downregulated upon castration and re-expressed when prostate cancer becomes 

castration-resistant.19 In the current study, we showed that Skp2 encompasses the ability to 

stabilize Twist protein expression through preventing Twist degradation by β-TrCP. 

Therefore, our work reveals that Skp2 overexpression is a novel upstream signal leading to 

Twist overexpression in CRPC. These findings together functionally connect Skp2 to Twist 

and add Twist into a growing list of Skp2 oncogenic substrates.

Skp2 promotes tumorigenesis through interplay with a variety of cancer-regulating 

substrates.49 Skp2 triggers K48-linked ubiquitination and degradation of cell cycle 

inhibitors, p27 and p21.50,51 Skp2 activates EGFR-mediated Akt signaling pathway through 

inducing K63-linked ubiquitination and membrane recruitment of Akt.12 Skp2 blocks p53-

mediated apoptosis by antagonizing the binding to p300.52 These reports sparked the 

development of inhibitors that target Skp2 at different mechanisms of action. We previously 

identified a small-molecule compound (cpd) #25 that selectively inhibits Skp2 through 

disruption of Skp2-Skp1 interaction but not other SCF E3 ligase activities.37 Consequently, 

cpd #25 enable concomitant suppression of multiple Skp2 oncogenic pathway including Akt 

activation and p27 and p21 downregulation. In this report, administration of cpd #25 in 

CRPC cells was found to reduce Twist protein expression as Skp2 genetic silencing does. 

Moreover, cpd #25 re-sensitizes the 22Rv1 CRPC cells towards frontline chemotherapy 

paclitaxel supporting the idea to disrupt Skp2-Skp1 interface as potential strategy for 

developing new cancer therapeutics. Several other Skp2 inhibitors have also been identified, 

such as cpd C1, C2/C16/C20, A and M1. Small molecular cpds C1, C2, C16 and C20 

identified through in silico screens were shown to bind the Skp2/Cks1 pocket in order to 

prevent Skp2 interaction with p27 which results in p27 accumulation and p27-mediated cell 

cycle arrest.53 Among these inhibitors, cpd C1 was further characterized for its efficacy in 

targeting the growth of CRPC organoids.45 Cpd A was identified through an in vitro Skp2-

mediated p27 ubiquitination assay. Cpd A blocks the recruitment of Skp2 to the SCF ligase 

complex for inhibiting Skp2 functions.54 Cpd M1, on the other hand, inhibits Skp2’s non-

proteolytic action. Cpd M1 binds to Skp2/p300 interface, thereby releasing p300 for p53 

acetylation and activation but does not affect Skp2 proteolytic activities.55 Since Skp2 

stability is regulated by p300-mediated acetylation, cpd M1 also downregulates Skp2.55,56 

However, in vivo efficacy of cpd C2/C16/ C20, cpd A and cpd M1 remains unclear. Further 

studies are required to characterize their effects on tumor formation. Our discovery that 

Skp2 regulates Twist stabilization and functions in CRPC offers new knowledge about how 

CRPC acquires chemoresistance during tumor progression and shed light on the application 

of Skp2 inhibitors for CRPC

Materials and Methods

Cell culture and reagents

PC3 and 22Rv1 cells (from ATCC) were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) and RPMI 1640, respectively supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin. The cell lines used were authenticated by STR 

profiling and routinely verified to be free of mycoplasma contamination. (His)6-ubiquitin 
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construct and Skp2-LRR mutant was from Drs. D. Bohmann and W. Tansey, respectively. 

Flag-Twist was a kind gift from Dr. Mien-Chie Hung. MG132 was from Calbiochem while 

compound #25 was from ChemBridge. Doxorubicin and Paclitaxel were from Sigma.

Mouse model

TRAMP/Skp2−/− mouse models were generated from breeding TRAMP with Skp2+/− mice. 

Female TRAMP/Skp2+/− mice were used to breed with male Skp2+/− mice. TRAMP mouse 

(C57BL/6) was purchased from the Jackson Laboratory. At 8 months TRAMP/Skp2−/−, 

TRAMP, and wild type mice were dissected and the adrenal glands, prostate tumors, spleen, 

adrenal glands, lung and liver were collected, examined, weighed and subjected to 

histological analysis. All animal experiments were performed under IACUC approved 

protocol.

Viral Infection, Western Blot, Immunoprecipitation, Immunofluorescent staining, RT-PCR, 
In vivo ubiquitination and Nuclear Fractionation assays

Viral infection, Western blot, immunoprecipitation, immunofluorescent staining, RT-PCR, in 
vivo ubiquitination and nuclear fractionation assays were performed as previously 

described.57 Target sequence, antibody and primer sequence details are provided in Tables 1, 

2 and 3, respectively.

Tumor sphere formation assay

PC3 and 22Rv1 cells were seeded in 6-well ultra-low attachment plates (Corning, Corning, 

NY) in plating medium (MEGM) at a density of 3000 cells/well for PC3 cells and 1.0×104 

cells/well for 22Rv1 cells. The appearance of tumor spheres for PC3 and 22Rv1 cells were 

evaluated after 14 and 12 days, respectively. Tumor spheres with diameters of ≥100 μm were 

manually counted under a microscope.

Cell growth inhibition assay

PC3 and 22Rv1 cells were seeded at 3000 cells/well in a 12-well plate in triplicates. 24 

hours later, cells were treated with specified drugs. Three days after treatment, cells were 

washed with PBS, trypsinized and re-suspended with complete media. Trypan blue 

exclusion were used to stain the dead cells and live cells were counted using a 

hemocytometer.

Statistical Analysis

All data are shown as mean ± SEM for at least three independent experiments unless 

otherwise indicated. All statistical significance was determined by un-paired two-tailed 

Student’s t-tests, and p < 0.05 was considered statistically significant. For in vivo mouse 

experiment, the mouse number was determined by power analysis based on the fact that, 

with a sample size of six with a two-sided type I error rate of 0.05, the study will have 90% 

power to detect a 30% difference in cancer metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Skp2 deficiency in vivo restricts prostate tumor formation in TRAMP mouse model
(a) Schematic illustration of the generation of TRAMP/Skp2−/− (null) mice. (b) Ventral 

(V.P.) and anterior prostate (A.P.) glands obtained from TRAMP/Skp2−/−, TRAMP and wild 

type (WT) mice at the age of 9–10 months. (c) Prostate tumors were collected and weighed 

for a quantification analysis from a cohort of age-matched TRAMP/Skp2−/− n=15, TRAMP 

n=16 and WT mice n=10. (d) Histopathological analysis of prostate tumor extracted from 

TRAMP/Skp2−/−, TRAMP and WT mice at 9–10 months of age. Histopathological images 

are shown with magnification of 10X and 40X. Quantitative results are presented as means ± 

SD; **, p < 0.01.
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Figure 2. Skp2 ablation prevents distal metastasis and prolonged overall survival of TRAMP 
mice
(a–c), Representative images and histopathological analysis of adrenal (a), liver (b) and lung 

(c) organs from TRAMP/Skp2−/− and TRAMP mice of 9–10 months old are presented. 

Histopathological images are shown with magnification of 10X and 40X. Arrow indicates 

metastatic adrenal tumor formation and M indicates metastasis. Smaller arrows indicate lung 

metastasis. (d) Kaplan-Meier plot analysis of cumulative survival rate of TRAMP/Skp2−/−, 

TRAMP and WT mice.
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Figure 3. Skp2 deficiency in CRPC cells reduces Twist expression level post-translationally 
through proteasomal degradation
(a, b) Twist expression level in PC3 (a) or 22Rv1 (b) cells upon GFP, luciferase, Skp2 or 

Twist knockdown were analyzed by western blot. Two different Skp2 shRNAs were used in 

this assay. (c, d) Real-time PCR analysis of Twist in PC3 (c) or 22Rv1 (d) cells with GFP, 

luciferase, Skp2 or Twist knockdown. Quantified results are presented as means ± SD; *, p < 
0.05. (e) Western blot assay for Twist expression level with GFP or Skp2 knockdown in PC3 

cells with the absence or presence of proteasome inhibitor, MG132. (f) Western blot assay 

for Twist expression level in 22Rv1 cells with luciferase or Skp2 knockdown upon treatment 

of 50 μg/mL of cycloheximide (CHX) at various time points.
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Figure 4. Skp2 interacts with and promotes non-degradative ubiquitination of Twist
(a) PC3 cells were used for immunoprecipitation (IP) with Twist antibody followed by 

western blot analysis. (b) In vivo ubiquitination assay in 293T cells transfected with Xpress 

(Xp) tagged Skp2, Histidine-tagged ubiquitin (His-Ub) and Flag-tagged Twist. Ni-NTA 

indicates nickel nitrilotriacetic acid bead precipitate; WCE indicates whole cell extract. (c) 
In vivo ubiquitination assay in 293T cells transfected with various plasmids. (d) In vivo 
ubiquitination assay in 293T cells transfected with Xp-Skp2 and Flag-Twist along with His-

Ub WT, His-Ub K63R or His-Ub K48R constructs. (e) 293 cells with GFP or Skp2 

knockdown transfected with Flag-tagged β-TrCP and Xp-tagged Twist were subjected to IP 

after 48 hours with Flag antibody followed by western blot analysis. The relative intensities 

of immunoprecipitated Twist were quantified with Image J software and normalized with 

Twist in the input.
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Figure 5. Skp2 recapitulates Twist’s effect on EMT in CRPC cells
(a, b) Real-time PCR analysis of epithelial marker E-cadherin (E-cad), mesenchymal 

markers N-cadherin (N-cad), Vimentin (VIM), S100A4 (a) and EMT regulators Zeb1 and 

Zeb2 (b) in PC3 cells with luciferase, Skp2 or Twist silencing. Quantified results are 

presented as means ± SD; *, p < 0.05 and **, p < 0.01. (c) Western blot analysis of EMT 

markers in PC3 cells with luciferase or Skp2 knockdown. (d) Immunofluorescence (IF) 

staining for E-cadherin and N-cadherin in PC3 cells with GFP or Skp2 knockdown. Scale 

bar represents 10 μm. (e) Representative images of histological analyses of Twist and E-
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cadherin protein expression in prostate tumors/tissues isolated from TRAMP/Skp2−/− and 

TRAMP mice. Scale bar, 100 μm.
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Figure 6. Skp2 is essential for Twist-mediated CSC self-renewal and chemotherapy resistance
(a, b) Tumor sphere formation assay of PC3 (a) or 22Rv1 (b) cells overexpressed with 

vector control and Twist. Scale bar represents 100 μm. (c) Tumor sphere formation assay of 

luciferase or Skp2-depleted 22Rv1 cells. Scale bar represents 100 μm. (d) Tumor sphere 

formation assay of PC3 cells overexpressed with vector control and Twist in the absence or 

presence of Skp2 inhibitor, compound #25. Scale bar represents 100 μm. (e, f) Cell growth 

inhibition assay of 22Rv1 cells with luciferase or Skp2 silencing treated with doxorubicin 

(e) or paclitaxel (f). (g) Cell growth inhibition assay of 22Rv1 cells treated with a 
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combination of paclitaxel and compound #25. Quantified results are presented as means ± 

SD; *, p < 0.05 and **, p < 0.01.
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Figure 7. Schematic illustration of Skp2’s interaction with Twist to induce progression and 
chemoresistance of CPRC
In conditions of low Skp2 levels, β-TrCP ubiquitinates Twist leading to its proteasomal 

degradation, wherein with high levels of Skp2, Twist is stabilized and activated through 

ubiquitination by Skp2 allowing for CRPC progression.
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Table 1

Target sequences used in this study

Target shRNA sequence

Skp2 (#1) 5′-GATAGTGTCATGCTAAAGAAT-3′

Skp2 (#2) 5′-GCCTAAGCTAAATCGAGAGAA-3′

Twist 5′-CCTGAGCAACAGCGAGGAAGA-3′

GFP 5′-GCAAGCTGACCCTGAAGTTC-3′

Abbreviation: shRNA, short hairpin RNA
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Table 2

Antibodies used in this study

Primary Antibody Source Dilution

Twist – IP Santa Cruz 1:750

Twist – WB Abcam 1:1000

Twist – IHC Biorbyt 1:100

Flag Sigma 1:2000

Skp2 Invitrogen 1:2000

Xpress Invitrogen 1:10,000

GRP78 BD Biosciences 1:10,000

β-actin Sigma 1:20,000

N-cadherin Cell Signaling 1:3000

E-cadherin-WB Cell Signaling 1:3000

E-cadherin-IHC Cell Signaling 1:200

Vimentin Cell Signaling 1:8000

TCF8/ZEB1 Cell Signaling 1:2000

S100A4 Cell Signaling 1:500

β-TrCP – PC3 Genetex 1:1000

β-TrCP – 22Rv1 Abcam 1:1000

α-Tubulin Sigma 1:10,000

Lamin B Santa Cruz 1:5000
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Table 3

Primer sequences used in this study

Target (F/R) Primer sequence (5′ to 3′)

Twist-F 5′-TCCATGTCCGCGTCCCACTA-3′

Twist-R 5′-ATTCAAAGAAACAGGGCGTG-3′

GAPDH-F 5′-GATTCCACCCATGGCAAATTC-3′

GAPDH-R 5′-CTTCTCCATGGTGGTGAAGAC-3

E-cad-F 5′-CAATGCCGCCATCGCTTACACCAT-3′

E-cad-R 5′-TCAGCAGCTTGAACCACCAGGGTA-3′

N-cad-F 5′-AGCCTGACACTGTGGAGCCT-3′

N-cad-R 5′-GGAGTCATATGGTGGAGCTGT-3′

Vimentin-F 5′-AAAGTGTGGCTGCCAAGAACCTGC-3′

Vimentin-R 5′-ACTCAGTGGACTCCTGCTTTGCCT-3′

S100A4-F 5′-TGATGGTGTCCACCTTCCACAAGT-3′

S100A4-R 5′-CCTGTTGCTGTCCAAGTTGCTCAT-3′

Zeb1-F 5′-GGGCCTGAAGCTCAGGCAGATGA-3′

Zeb1-R 5′-CTCTGGTCCTCTTCAGGTGCCTC-3′

Zeb2-F 5′-AGAAGCCACGATCCAGACCGCAATTA-3′

Zeb2-R 5′-GGTAAATAATGGCTGTGTCACTGCGC-3′
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