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The androgen receptor (AR) plays a pivotal role in prostatic carcinogenesis, and it also affects the transition from hormone sensitive prostate cancer (HSPC) to castration-resistant prostate cancer (CRPC). Particularly, the persistent activation of the androgen receptor and the appearance of androgen receptor splicing variant 7 (AR-V7), could partly explain the failure of androgen deprivation therapy (ADT). In the present study, we reported that huaier extract, derived from officinal fungi, has potent antiproliferative effects in both HSPC and CRPC cells. Mechanistically, huaier extract downregulated both full length AR (AR-FL) and AR-V7 mRNA levels via targeting the SET and MYND domain-containing protein 3 (SMYD3) signaling pathway. Huaier extract also enhanced proteasome-mediated protein degradation of AR-FL and AR-V7 by downregulating proteasome-associated deubiquitinase ubiquitin-specific protease 14 (USP14). Furthermore, huaier extract inhibited AR-FL/AR-V7 transcriptional activity and their nuclear translocation. More importantly, our data demonstrated that huaier extract could re-sensitize enzalutamide-resistant prostate cancer cells to enzalutamide treatment in vitro and in vivo models. Our work revealed that huaier extract could be effective for treatment of prostate cancer either as monotherapy or in combination with enzalutamide.
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Introduction

With nearly 1,276,106 new cases expected worldwide in 2018, prostate cancer (PCa) represents the second-most frequent type of cancer in men following lung cancer, accounting for almost 7.1% of new cancer cases, and there were 358,989 prostate cancer–related deaths in 2018 around the world according to the GLOBOCAN 2018 (1). Unfortunately, some cases are in advanced stages at the time of their initial diagnosis, particularly in unscreened populations, of which ≥10% appear with metastatic disease at first presentation (2).

The androgen receptor (AR), consisting of four domains with 919 amino acids in full-length, is the core of cellularly physiological and pathophysiological process in prostate cell (3–7). The activity of AR needs the stimulation of ligand (e.g., dihydrotestosterone), after activated, it translocates to the nucleus and interacts with promoters of downstream genes to promote their transcriptions (8, 9). Therefore, androgen deprivation therapy (ADT) is the basic therapy for PCa. Unfortunately, majority of cases will progress to the more aggressive stages, or castration-resistant prostate cancer (CRPC), within 3 years, and the average overall survival for metastatic CRPC patients is about 1.5 years (9–11).

Recently, enzalutamide, the second-generation of hormonal drug targeting full-length AR (AR-FL), were used to treat CRPCs (12). Nevertheless, majority of patients progress shortly after enzalutamide treatment (13–15). Ligand independent signaling and gene amplification of AR contribute to the enzalutamide resistance, especially the emergence of androgen receptor splice variants (16). Androgen receptor variants (AR-Vs) maintain the transcription domain and promote target genes activity not dependent on ligand binding (17–19). Among the many androgen variants, AR-V7, which is in absence of ligand-binding domain, and only retains the key domain for functional activation, the N-terminal domain and DNA-binding domain, has received the most attention, as it has guiding significance for doctors to management of prostate cancer (20–23). Unfortunately, there is no drug especially targeting AR-V7, and this situation presents huge challenges for PCa therapy. Thus, targeting the AR axis, especially AR-V7, could be a promising treatment for PCa.

Trametes robiniophila murr (huaier), a type of medicinal fungus which is found on the trunks of Styphnolobium japonicum (distributed across Hebei, Shandong, and Shanxi Provinces, China), has been used in Traditional Chinese Medicine (TCM) for approximately 1,600 years (24–26). Nowadays, huaier granule is a Chinese State Food and Drug Administration (SFDA)–approved drug used in the clinic. Its proteoglycans (protein-bound polysaccharides) have been proven to be the active ingredient in huaier extract (Supplementary Table 1). Recent studies reveal that huaier extract can act as an efficacious tumor suppressor for a range of tumors (25, 26). Huaier extract antitumor potential are mainly involved in antiproliferation, anti-metastasis, tumor-specific immunomodulatory, and cancer stem cell inhibitory activities, and these effects attribute to regulate many onco-driving signaling pathways, such as Wnt/β-catenin pathway, NF-κB pathway, AKT/mTOR pathway, and p53 pathways (27). Although recent study revealed its antitumor activity in breast cancer cell by modulating the ERα pathway (27), the studies of huaier on prostate cancer are rare. To our knowledge, there is no study on huaier extract targeting the AR/AR-V7 signaling pathway in PCa.

Here, we demonstrate that huaier extract acts as potent AR-FL and AR-V7 inhibitors in PCa. It can inhibit PCa cell viability in vitro and in vivo by targeting both AR-FL and AR-V7 signaling pathways. Furthermore, huaier extract shows synergistic effects in combination with enzalutamide and enhances enzalutamide therapy in PCa. In conclusion, huaier extract may act as a promising drug candidate for treatment of PCa.



Materials and Methods


Cell Culture and Reagents

LNCaP, 22Rv1, and PC3 prostate cancer cells were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). Cell lines were routinely tested mycoplasma free and were authenticated by STR detection. The cell lines were cultured in RPMI1640 with 10% fetal bovine serum (FBS), and the culture media for 22Rv1 also contained 1× GlutaMAX™ (Invitrogen, Carlsbad, CA, USA), and 1mmol/L Sodium Pyruvate (Invitrogen, Carlsbad, CA, USA). Enzalutamide, MG132, and IU1 were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Huaier extract was kindly provided by Gaitianli Medicine Co., Ltd. (Qidong, Jiangsu, China), and was prepared as previously described (24, 25).



Cell Viability Assay

Cell proliferation was assessed by the cell counting kit 8 (CCK-8) assay according to the manufacturer’s Instruction (Dojindo Molecular Technologies, Shanghai, China). Briefly, PCa cells (4 × 103 cells/well) in 100 μl of medium were seeded in 96-well plates. After 12-h culture in 5% CO2 at 37°C in a humidified incubator, the medium was replaced by different concentrated solutions of huaier extract, and then incubated for another 24–72 h. Afterward, 10 μl CCK-8 was added to each well and the cells were incubated for another 1–4 h at 37°C according to the instructions of the manufacture. Absorbance of each well was quantified at 450 nm by an enzyme-linked immunosorbent assay microplate reader (Tecan Trading AG, Switzerland).



Colony Formation Assay

LNCaP and 22Rv1 cells were seeded in 100-mm dishes at 1 × 104 cells/dish with different concentration of huaier extract. After 14 days, cells were washed with PBS twice, fixed with 4% paraformaldehyde, and stained with 0.1% crystal violet.



Invasion Assay

The Transwell system (Corning Costar, Lowell, USA) were used in invasion assay. In addition, 2 × 105 LNCaP and 22Rv1 cells, suspended in 100-ul serum-free medium with/without 2 mg/ml huaier extract, were seeded in the upper chambers with the basement membrane, and 500-ul medium containing 10% FBS was added to the bottom chamber. After 48 h, the invaded cells were stained with 0.1% crystal violet and the images of invaded cells were acquired using the microscope (Leica Biosystems Nussloch GmbH, Germany).



Migration Assay

The migration assay was performed in the same way as the invasion assay except the following differences: no Matrigel using 1 × 105 cells/well seeded, 36-h incubation.



Flow Cytometry Analysis of Apoptosis

PCa cells were treated with huaier extract for 48 h, and the cells were collected in 100-ul binding buffer and incubated with PI and Annexin V-fluorescein isothiocyanate (BestBio, Shanghai, China) in the dark for 15 min at room temperature. Then 400-ul binding buffer was added to each tube, and fluorescence activated cell sorting (FACS) was performed immediately.



Flow Cytometry Analysis of Cell Cycle

Cell-cycle analysis was performed using a Cell Cycle Assay Kit Plus (US Everbright, Suzhou, Jiangsu, China) according to the manufacturer’s instructions. Briefly, PCa cells were treated with huaier extract for 48 h, and the cells were collected, washed with cold PBS twice and fixed with 75% ethanol at 4°C overnight. Then the cells were wash with PBS, and suspended in 1ml PBS, followed by the addition of 4-ul RedNucleus I (far infrared nucleic acid dye, excited at 638 nm) for 20 min in dark at room temperature. Fluorescence activated cell sorting (FACS) was performed at channel FL4 immediately.



siRNA and Plasmids Transfection of Cells

Cells were seeded in six-well plates and transfected with small-interfering RNA (siRNA) (GenePharma, Shanghai, China; Santa Cruz Biotechnology, Santa Cruz, CA, USA) using jetPRIME (polyplus-transfection, Illkirch, France). To overexpress target genes in prostate cancer cells, pGL3-basic vector containing target genes cDNAs (genechem, Shanghai, China) transiently transfected the PCa cells via jetPRIME.



Luciferase Reporter Assay

For luciferase reporter assay, PC3 cells (2 × 105 cells per well of six-well plate) were transfected with pGL3-KLK3-Luc reporter plasmid or the control plasmid along with AR-FL or AR-V7. The luciferase activity was determined 24 to 48 h after transfection using a dual luciferase reporter assay system following the manufacturer’s instructions (Promega, Madison, WI, USA), the signal was normalized to Renilla luciferase control as relative luciferase units.



Immunofluorescence Assay

PC3 cells were transfected with vector containing AR-FL cDNAs (genechem, Shanghai, China), and AR-V7 cDNAs (genechem, Shanghai, China) via jetPRIME (polyplus-transfection, Illkirch, France). After 24 h, cells were treated with either huaier extract (2 mg/ml) or enzalutamide (20 umol/L) for another 24 h and subsequently treated with dihydrotestosterone (DHT) (10 nmol/L) for 2 h. Cells were then fixed with Paraformaldehyde, and permeabilized with 0.4% Triton X-100. After blocking by goat serum for 1 h, cells were incubated with anti-AR-FL (Cell Signal Technology, Danvers, MA, USA) and anti-AR-V7 antibodies (Cell Signal Technology, Danvers, MA, USA) overnight at 4°C. The slides were then incubated in CoraLite488–conjugated affinipure goat anti-rabbit IgG (proteintech, Wuhan, Hubei, China) for 1 h. The images were obtained by the Olympus microscope equipped with PerkinElmer system.



Co-Immunoprecipitation and Western Blot

For immunoprecipitation (IP), the cell lysates, prepared with agarose protein A+G (Santa cruz biotechnology, Dallas, Texas, USA) to eliminate nonspecific binding, were incubated with primary antibody overnight at 4°C, and mixed with agarose protein A+G for 6 h at 4°C. After washed three times by lysis buffer, the loading buffer was added and the agarose protein A+G were removed by centrifugation. Western blot was performed to analyze protein expression. For western blot, it was performed according to the standard method, briefly, 30 ug total protein was loaded on gel, after the progress of running the gel, transferring the protein, and incubating with antibodies, the protein image was acquired by the chemiluminescence detection system.



Real-Time Quantitative Polymerase Chain Reaction

RNAs were extracted using Trizol (TaKaRa Bio, Dalin, China). One microgram of total RNA was used for cDNA synthesis by the SuperScript III Reverse Transcriptase Kit (TaKaRa Bio, Dalin, China). For detection of the indicated genes, each cDNA sample was amplified using SYBR Green (TaKaRa Bio, Dalin, China) via QuantStudio 3 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). Primers used for PCR were showed in Supplementary Table 2.



Immunohistochemistry

The formalin fixed tissues were paraffin-embedded and sliced into 4-um slides. After deparaffinization, hydration, and antigen retrieval, blocking endogenous peroxidase and nonspecific antibody binding were carried out followed by incubation with primary antibody. DAB developing were carried out after the slides were incubated with secondary antibody labeled with HRP. Finally, the slides were counterstained with hematoxylin, dehydrated with ethanol, cleaned with xylene, and mounted with resin mounting medium. Images were taken with CIC XSP-C204 microscopy.



In Vivo Tumorigenesis Assay

The animal experiments were performed in strict accordance with the Guidelines for the Care and Use of Laboratory Animals of Shandong University. Five- to six-week-old male BALB/c-nu mice were purchased from Charles River Laboratories. 5 × 106 22Rv1 cells were subcutaneously injected into the flanks of the mice. When tumor volume reached 50–100 mm3, mice were randomized into four groups and treated as follows: (i) vehicle control (normal saline, p.o.), (ii) enzalutamide (25 mg/kg, p.o.), (iii) huaier extract (50 mg in 100-ul normal saline, p.o.), and (iv) enzalutamide (25 mg/kg, p.o.) + huaier extract (50 mg in 100-ul normal saline, p.o.). Tumors were measured every five days and calculated using length × width2/2. Mice were also weighed one to two times per week to monitor for signs of drug toxicity. Tumor tissues were harvested after 25 days of treatment.



Statistical Analysis

The results were analyzed using SPSS software (SPSS, Chicago, Illinois, USA). Student’s t-test, one-way ANOVA, and two-way ANOVA were performed. Every experiment was performed in triplicate, and differences were considered significant when p-values < 0.05.




Results


Huaier Extract Inhibited Prostate Cancer Cell Viability and Motility

In our study, we used two prostate cancer cell lines, LNCaP and 22Rv1, to verify the effect of huaier extract on prostate cancer. LNCaP, the hormone-sensitive prostate cancer (HSPC) cell line, expresses AR-FL, which is sensitive to AR-targeted therapy. 22Rv1, the CRPC cell line, expresses both AR-FL and AR-V7, which are resistant to AR-targeted therapy. First, to test the effect of huaier extract on PCa cells, we measured cell viability using a CCK-8 assay in which the cells were treated with different concentrations of huaier extract for different lengths of time. As shown in Figure 1, huaier extract markedly inhibited growth of LNCaP (Figure 1A) and 22Rv1 (Figure 1B) in time- and dose-dependent manners, but had no effects on the normal human prostatic epithelial cell line, RWPE-1 (Figure 1C). Moreover, Huaier extract had inhibitory effect on AR negative PCa cells (Supplementary Figure 1), but the inhibitory effect of huaier extract on AR-negative PCa cells were weaker than that on AR-positive PCa cells. To further examine the antitumor effects of huaier extract, a clonogenic assay was performed. As shown in Figure 1D, the numbers of clones were significantly decreased by huaier extract. To evaluate the effect of huaier extract on motility of LNCaP and 22Rv1, a transwell assay was performed. As shown in Figure 1E, huaier extract could significantly inhibit migration and invasion in both LNCaP and 22Rv1. To further explore the mechanism of inhibitory effect on cell viability, we performed flow cytometry and western blot. As shown in Figure 1F, huaier extract could induce PCa cells apoptosis and G2/M arrest. The data of western blot from Figure 1G further confirmed these results in Figure 1F. Collectively, these results revealed that huaier extract inhibited viability and motility of both the HSPC cell line and CRPC cell line.




Figure 1 | Huaier extract inhibited prostate cancer cell viability and motility. LNCaP (A) and 22Rv1 (B) cells viability were measured by cell counting kit 8 assay after treatment of huaier extract with different concentrations for 24, 48, and 72 h. (C) RWPE-1 cells viability was measured by cell counting kit 8 assay after treatment of huaier extract with different concentrations for 48 h. (D) LNCaP and 22Rv1 were treated with 0, 1, and 2 mg/ml huaier extract for clonogenic assay. Colonies were counted and representative images of colonies are shown. (E) LNCaP and 22Rv1 cells mobility were measured using the Transwell system as described in Materials and Methods. (F) Representative images of cell cytometry of PCa cells treated with huaier extract. (G) The protein levels of markers in cell apoptosis, cell cycle, and Epithelium-mesenchymal transition (EMT) were measured by western blot in PCa cells treated with huaier extract. Representative contrast-phase images are shown. *p < 0.05, **p < 0.01, ***p < 0.001.





Huaier Extract Inhibited Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Signaling Pathways

Subsequently, we considered whether the anti-viability and anti-motility effects of huaier extract corresponded with changes of AR-FL and AR-V7, as AR and related pro-oncogenic signaling play important roles in prostate carcinogenesis (3, 6, 17). We examined the protein levels of AR-FL for LNCaP and AR-V7 for 22Rv1, which were time-dependently treated with huaier extract. As showed in Figures 2A, B, huaier extract inhibited both AR-FL and AR-V7 expression starting at 4-h treatment in a time-dependent manner, and huaier extract also reduced the protein levels of AR-FL and AR-V7 in a dose-dependent manner as shown in Figures 2C, D. The above data confirmed that huaier extract could reduce protein levels of AR-FL and AR-V7, and we hypothesized that huaier extract could also affect the transcription of AR-FL and AR-V7. To test the hypothesis, we measured the mRNA levels of AR-FL and AR-V7 in LNCaP and 22Rv1 cells following treatment with huaier extract. As shown in Figures 2E, F, huaier extract reduced mRNA levels of AR-FL and AR-V7 in dose- and time-dependent manners. To further explore the hypothesis that huaier extract inhibit PCa growth via targeting AR/AR-V7, we tested huaier extract inhibitory effect through CCK8 assays after overexpression of AR/AR-V7 in PCa cells (Supplementary Figure 2). As shown in Figures 2G, H, overexpression of AR/AR-V7 could partly rescue the inhibitory effect caused by huaier extract on PCa cells. Altogether, these data demonstrated that huaier extract could suppress PCa growth via reducing AR-FL/AR-V7 expression in both protein and mRNA levels.




Figure 2 | Huaier extract inhibited AR-FL and AR-V7 expression. (A) the protein levels were measured by western blot in LNCaP (6 mg/ml) and 22Rv1 (8 mg/ml) treated with huaier extract for 0, 4, 8, and 16 h. (B) Quantitative results are illustrated for panel (A). (C) the protein levels were measured by western blot in LNCaP and 22Rv1 dose-dependently treated with huaier extract (LNCaP, 0, 4, 6 mg/ml, 22Rv1, 0, 6, 8 mg/ml). (D) Quantitative results are illustrated for panel (C). The mRNA levels of AR-FL and AR-V7 were measured by RT-qPCR in LNCaP and 22Rv1 time-(E) or dose-(F) dependently treated with huaier extract. (G, H) The cell viability were measured by CCK8 in 22Rv1 and LNCaP with AR/AR-V7 overexpression upon huaier extract treatment. *p < 0.05, **p < 0.01, ***p < 0.001.





Huaier Extract Enhanced the Protein Degradation of Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 via the Ubiquitin–Proteasome System Through Downregulation Ubiquitin-Specific Protease 14

There are two factors, the synthetic metabolic process of anabolism and the eliminative process of catabolism, that affect the protein levels in the cells. First, we hypothesized that AR-FL and AR-V7 might be degraded following treatment with huaier extract. To test the hypothesis, CHX, which inhibits the protein synthesis, was used with or without 6 mg/ml huaier extract. As shown in Figures 3A, B, co-treatment of CHX and huaier extract caused more rapid inhibition in protein levels of AR-FL and AR-V7, which meant that huaier extract could diminish the protein stability of AR-FL and AR-V7. To verify whether huaier extract induced AR-FL and AR-V7 protein degradation via the ubiquitin–proteasome system, MG132, the proteasome inhibitor, was added to the culture media containing huaier extract. MG132 could reduce huaier extract-mediated inhibition of AR-FL/AR-V7 protein expression (Figure 3C). We also measured the abundance of ubiquitinated AR using co-IP, and huaier extract could dramatically increase the level of ubiquitinated AR (Figure 3D).




Figure 3 | Huaier extract enhanced AR-FL/AR-V7 degradation via the ubiquitin–proteasome system through downregulation USP14. (A) the protein levels of AR-FL and AR-V7 were measured in 22Rv1 by western blot at specified time points after treatment of 50 μg/ml CHX along with or without 6 mg/ml huaier extract. (B) Quantitative results are illustrated for panel (A). (C) MG132 could partly reduce huaier extract mediated inhibition of AR-FL/AR-V7 protein expression. 22Rv1 cells were treated with MG132 (10 μmol/L) in the presence or absence of 6 mg/ml huaier extract, and the protein levels of AR-FL and AR-V7 were analyzed by western blot at 16 h. (D) Huaier extract promoted AR-FL/AR-V7 degradation via the ubiquitin–proteasome system. Co-immunoprecipitation assay was performed using AR antibody (N-terminal) beads, and immunoblotted for ubiquitin (Ub) in 22Rv1 treated with 8 mg/ml huaier extract for 16 h. (E) The mRNA levels were measured by RT-qPCR in 22Rv1 treated with huaier extract for 16 h. (F) The protein levels of USP14 were measured by western blot in 22Rv1 time- and dose-dependently treated with huaier extract. (G) Quantitative results are illustrated for panel (F). (H) The mRNA levels of USP14 were measured by RT-qPCR in 22Rv1 time- and dose-dependently treated with huaier extract. (I) The protein levels were analyzed by western blot in 22Rv1 cells transfected with USP14 small interfering RNAs (siRNAs), or treated with IU1. (J) Quantitative results are illustrated for panel (I). (K) The mRNA levels were analyzed by RT-qPCR in 22Rv1 cells transfected with USP14 small interfering RNAs (siRNAs), or treated with IU1. *p < 0.05, **p < 0.01, ***p < 0.001.



AR protein stability is regulated by the ubiquitination and deubiquitination system. So far, the genes reported to regulate AR degradation mainly belong to two families, the E3 ubiquitin ligases such as MDM2, CHIP, and the deubiquitinases such as USP7, USP12, and USP14 (28–32). We performed a RT-qPCR screen to identify these genes’ alterations upon huaier extract treatment in 22Rv1 cells. As shown in Figure 3E, only USP14 was inhibited by huaier extract treatment [CHIP was also downregulated by huaier extract treatment, but it was attributed to ubiquitinated AR, resulting in degradation (29)], and we revealed huaier extract decreased USP14 in dose- and time-dependent manners (Figures 3F–H). We further performed siRNA-mediated knockdown assays to determine whether USP14 affects the expression of AR-FL and AR-V7, as shown in Figures 3I–K. Knockdown USP14 could suppress the expression of AR-FL and AR-V7 in protein levels, but no effect was seen on mRNA levels. To further verify the downregulation of AR-FL and AR-V7 via USP14 deubiquitinating activity, we examined the effect of IU1, a selective USP14 inhibitor that inhibits its deubiquitination function, and we found decreased AR-FL and AR-V7 in protein levels but not mRNA levels, which corresponded with results in siRNA assays. These data suggested that huaier extract induces proteasome-mediated degradation of AR-FL and AR-V7 by downregulation USP14.



Huaier Extract Decreases the mRNA Levels of Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Through Inhibiting SET and MYND Domain-Containing Protein 3 Signaling

As shown in Figures 2E, F, huaier extract reduced mRNA levels of AR-FL/AR-V7 in a dose- and time-dependent manner. This explained the fact that co-treatment of MG132 and huaier extract did not completely rescue AR-FL and AR-V7 protein levels to that of MG132 using alone (Figure 3C). These results suggested that huaier extract affects AR-FL and AR-V7 transcription. We previously found that SET and MYND domain-containing protein 3 (SMYD3) can promote AR transcription (33). Therefore, we tested whether huaier extract decreased the transcription of AR-FL and AR-V7 via inhibiting SMYD3. First, we evaluated effects of huaier extract on SMYD3 expression via RT-qPCR and western blot, and we found that reduced SMYD3 both in mRNA and protein levels corresponded with alterations of AR-FL and ARV7, which also occurred in dose- and time-dependent manners (Figures 2A, C, and Figures 4A, B). Furthermore, we performed siRNA-mediated knockdown and SMYD3-plasmid-mediated overexpression assays to determine whether SMYD3 affects both the expression of AR-FL and AR-V7. As shown in Figures 4C–E, knockdown SMYD3 could suppress the expression of AR-FL and AR-V7, and overexpression of SMYD3 could increase the expression of AR-FL and AR-V7. To further investigate the role of SMYD3 in huaier-mediated inhibition on AR-FL and AR-V7, we first transfected plasmids of SMYD3-cDNAs to PCa cells for 48 h, and then we treated these cells with or without 6 mg/ml huaier extract for another 16 h. As shown in Figures 4F, G, overexpression of SMYD3 was able to partly rescue the expression of AR-FL and AR-V7. Collectively, these results revealed that huaier extract decreased the mRNA levels of AR-FL and AR-V7 by inhibiting SMYD3 signaling.




Figure 4 | Huaier extract inhibited AR-FL and AR-V7 mRNA levels via targeting SMYD3 signaling. The mRNA levels of SMYD3 were measured by RT-qPCR in LNCaP and 22Rv1 time-(A) or dose-(B) dependently treated with huaier extract. The AR-FL and AR-V7 transcription (C) and expression (D) were analyzed by RT-qPCR and western blot in 22Rv1 cells transfected with SMYD3 small interfering RNAs (siRNAs), control siRNA, pc-vector, or pc-SMYD3 vector respectively. (E) Quantitative results are illustrated for panel (D). (F) 22Rv1 cells and LNCaP cells were transfected with SMYD3-cDNAs plasmid (pc-SMYD3) or control plasmid (pc-vector) for 48 h, followed by treatment of 6 mg/ml huaier extract for another 16 h, then the protein levels of AR-FL and AR-V7 were analyzed by western blot. (G) Quantitative results are illustrated for panel (F). *p < 0.05, **p < 0.01, ***p < 0.001.





Huaier Extract Inhibited Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Transcriptional Activity and Nuclear Translocation

The above results confirmed that huaier extract can inhibit the expression of AR-FL and AR-V7 both in mRNA and protein levels. To further confirm the inhibition effort of huaier extract on AR-FL and AR-V7 signaling pathways, we used RT-qPCR to evaluate the expression of AR-FL/AR-V7 target genes. As shown in Figure 5A, huaier extract remarkably inhibited the expressions of KLK3 and TMPRSS2 in PCa cells. In order to verify the direct effect of huaier extract on the transcriptional activity of AR-FL and AR-V7, we constructed an AR-FL/AR-V7-KLK3-LUC system in AR-negative PC3 prostate cancer cells. We cotransfected KLK3 luciferase promoter with AR-FL or AR-V7 to PC3 cells in CS-FBS condition for 24 h, and cells were treated with DHT, enzalutamide, or huaier extract for another 24 h. As shown in Figure 5B, AR-FL could activate KLK3 promoter in the presence of DHT, whereas AR-V7 did not need DHT to activate KLK3 promoter. Enzalutamide could inhibit AR-FL activating KLK3 promoter, but not AR-V7, and what encouraged us was that huaier extract could inhibit both AR-FL and AR-V7 activations on KLK3 promoter.




Figure 5 | Huaier extract inhibited AR-FL and AR-V7 transcriptional activity and nuclear translocation. (A) the AR-FL/AR-V7 targeted genes expression were analyzed by RT-qPCR at 16 h after 6 mg/ml huaier extract treatment for LNCaP and 8 mg/ml for 22Rv1. (B) PC3 cells were cultured in CS-FBS condition and cotransfected with KLK3 luciferase promoter and pc-AR-FL/pc-AR-V7 for 24 h, followed by treatment with 10 nmol/L DHT, 20 μmol/L enzalutamide or 2 mg/ml huaier extract for another 24 h, and whole cell lysates were subjected to luciferase assay. (C) PC3 transfected with pc-AR-FL/pc-AR-V7 for 24 h in CS-FBS condition, were pre-treated with 20 μmol/L enzalutamide or 2 mg/ml huaier extract for 24 h, followed by 2 h treatment with 10 nmol/L DHT, and the cell were subjected to immunofluorescence assay as described in Materials and Methods. Representative images are shown. *p < 0.05, **p < 0.01, ***p < 0.001. DHT, dihydrotestosterone, ENZA, enzalutamide.



To accomplish its transcriptional function on its target genes, AR must translocate to the nucleus. As we had demonstrated that huaier extract could inhibit AR-FL and AR-V7 transcriptional activity, we wondered whether huaier extract could inhibit AR-FL/AR-V7 translocation to the nucleus. To confirm that, PC3 were transfected with AR-FL or AR-V7 in CS-FBS condition for 24 h, followed by treatment with 10 nmol/L DHT, 20 μmol/L enzalutamide, or 2 mg/ml huaier extract for another 24 h, then the cells were prepared for IF assay with specific antibodies for AR-FL and AR-V7. As shown in Figure 5C, AR-FL translocation to the nucleus needed the stimulation of DHT, and both enzalutamide and huaier extract were able to inhibit AR-FL nuclear translocation. As for AR-V7, its accumulations in the nucleus were neither affected by the absence of DHT nor the use of enzalutamide. However, treatment with huaier extract could dramatically reduce the nuclear abundance of AR-V7.

Thus, we could conclude that the inhibition of AR-FL and AR-V7 signaling pathways by huaier extract was mainly attributable to the following three aspects. First, huaier extract could inhibit the expression of AR-FL and AR-V7 both in mRNA and protein levels; second, huaier extract was able to reduce the nuclear translocation of AR-FL and ARV7; and third, huaier extract directly inhibit AR-FL/AR-V7 transcriptional activity as transcription factors on their target genes.



Huaier Extract Enhanced Enzalutamide Treatment

Enzalutamide, the drug which directly targets AR-FL, has been approved to treat docetaxel-pretreated PCa patients since 2012. However, patients treated with enzalutamide eventually acquire resistance to this agent, and an accepted reason is the presence of AR-V7 (22, 23). Our work revealed that huaier extract can inhibit AR-V7 as well as AR-FL. Thus, we hypothesized that huaier extract could enhance the effect of enzalutamide in treatment of CRPC. To verify the hypothesis, cells from the CRPC cell line 22Rv1 were treated with enzalutamide along with or without huaier extract. Then, the cell viability was examined by CCK8 assay. As shown in Figure 6A, 22Rv1 cells were resistant to the treatment of enzalutamide (20 μmol/L), and huaier extract (4 mg/ml) could moderately inhibit cell growth, whereas the combination of huaier extract and enzalutamide achieved a significant inhibition effect on cell viability in a time-dependent manner.




Figure 6 | Huaier extract enhanced enzalutamide treatment. (A) 22Rv1 cells viability were measured by cell counting kit 8 assay after 20 μmol/L enzalutamide treatment along with or without 4 mg/ml huaier extract for 24, 48, and 72 h. (B) mice bearing 22Rv1 xenografts were treated with vehicle control, enzalutamide, huaier extract, or their combination for 25 days, tumor volumes were measured every five days, then the tumors were harvested. (C) AR-FL, AR-V7, SMYD3, USP14, and Ki67 were analyzed in tumor tissues by IHC staining and quantified as described in Materials and Methods. Representative images are shown. *p < 0.05, **p < 0.01, ***p < 0.001.



As huaier extract could enhance the treatment of enzalutamide in vitro, we further examined the combination effect in vivo using a xenograft model of 22Rv1 cells. As shown in Figure 6B, the xenograft models of 22Rv1 were resistant to the treatment of enzalutamide as there was no significant difference in the tumor volume to that in the control group (p > 0.05). The huaier group could inhibit tumor growth moderately, however, the combination group significantly reduced the tumor growth consistent with the results found in vitro, and huaier extract was safe to mouse as there was no weight change between control group and huaier extract group (Figure 6B). To further confirm the underlying mechanism, tumor samples of each group were analyzed by IHC for AR-FL, AR-V7, SMYD3, USP14, and Ki67. As shown in Figure 6C, there were no differences in IHC results between the enzalutamide group and the control group. Both the huaier group and combination group had the reduced abundance of AR-FL, AR-V7, SMYD3, and USP14 compared to the control group. However, the combination group decreased the expression of Ki-67 further than did the huaier group. These results revealed that huaier extract could overcome the resistance of enzalutamide in CRPC.




Discussion

Traditional Chinese Medicine (TCM) has been used to treat tumors for a long time in China. With more research and high-quality clinical trials on TCM, the treatment of cancer with TCM has attracted more and more international attention and cooperation. Many studies have demonstrated that huaier extract exerted antitumor properties in a range of tumors. According to a phase IV clinical trial evaluating the benefit of huaier extract on hepatocellular carcinoma (HCC), huaier extract can improve the recurrence-free survival (RFS) rate and reduce the tumor extrahepatic recurrence rate (ERR) in HCC (26). Li et al. and Zhang et al. have demonstrated that huaier extract is effective for breast cancers (25, 34). Hu et al. have revealed that huaier extract has antitumor potential in cholangiocarcinoma (35). Xie et al. proved that huaier extract suppresses the growth of gastric cancer in their study (36). Chen et al. have revealed that huaier extract suppresses the proliferation and metastasis of lung cancer (37). Moreover, huaier extract has antitumor potential in pancreatic cancer based on a preclinical study (38). Nowadays, huaier granule, the oral medication of huaier extract, is approved by the Chinese State Food and Drug Administration for the treatment of leukaemia, osteosarcoma, malignant lymphoma, breast cancer, lung cancer, rectal cancer, liver cancer, gastric cancer, colon cancer, and pancreatic adenocarcinoma (26). However, there has thus far been no study of huaier extract antitumor effects in PCa. In our study, we found that huaier extract could inhibit the proliferation, migration, and invasion of LNCaP cells, the cell line of HSPC. As majority of new cases of PCa are localized HSPC, our data provided the evidence that huaier extract would be used for HSPC.

After a period of androgen deprivation treatment, HSPC is more commonly converted to CRPC. CRPC remains incurable, and all patients with CRPC eventually acquire resistance to the second generation of hormonal drug: enzalutamide (22). In our study, we found that huaier extract had antiproliferative effects on 22Rv1, a CRPC cell line. These results revealed that huaier extract consistently has antitumor effects either in the HSPC stage or the CRPC stage. AR plays a pivotal role in prostatic carcinogenesis, and AR related signaling pathways retain the tumor characteristics of HSPC (3–7). Moreover, AR related transcriptional activity is also the main oncogenic signaling in CRPC, particularly the appearance of AR-V7 (2, 10). It is well known that AR-V7 is a biomarker of androgen receptor signaling inhibitor resistance in CRPC (20–23). Importantly, recent studied have demonstrated that patients harboring AR-V7 are resistant to enzalutamide treatment (22). Worse still, there is no efficacious drug targeting AR-V7. In our study, we found that huaier extract significantly inhibited the expressions of AR-FL and AR-V7, as well as their transcriptional activity and the nuclear translocation. Moreover, our study confirmed that huaier extract can re-sensitize enzalutamide-resistant prostate cancer cells to enzalutamide treatment in vitro and in vivo models. Our data also provided the evidence that huaier extract would be used for CRPC.

pt?>To further explore the underlying mechanisms that huaier extract inhibit the expression of AR-FL and AR-V7, we focused our attention on the modulators that could regulate AR transcription and post-translational modification (PTM). SMYD3, functioning as methyltransferase, plays a pivotal role in methylation of targeted proteins (39). Many studies have demonstrated that SMYD3 acts as an oncogene in hepatocellular carcinoma, breast cancer, ovarian cancer, and renal cell carcinoma, in which SMYD3 regulates downstream targets involved in proliferation and metastasis (40–43). Lobo et al. found that SMYD3 acted as the prognostic biomarker in PCa, and patients with a higher expression of SMYD3 always got the worse disease-specific survival (DSS) (44). Furthermore, our previous study confirmed that the increased expression of SMYD3 was the oncogenic driver in PCa by stimulation of AR transcription (33). In our study, we confirmed that SMYD3 can also regulate the transcription of AR-V7 in PCa cells, and the effects of huaier extract on AR-FL/AR-V7 were partly mediated by downregulating SMYD3 in PCa. To our knowledge, this is the first study demonstrating that SMYD3 could regulate the expression of AR-V7. Our results may mechanistically illustrate the phenomenon that SMYD3 prefers to highly express in the more aggressive PCa (45).

PTM is responsible for the signal transduction of phosphate, ubiquitin, methyl, acetyl, and glycosyl groups from one protein to another (46, 47). Many studies revealed that PTM is involved in tumor occurrence and progression, including prostate cancer (48). PTM of AR has been a subject of considerable interest, as it could modify AR transcriptional activity, nuclear translocation, and protein stability (49, 50). Among the PTMs occurring in AR, ubiquitination of AR has gotten more attention from researchers, as it plays an important role in AR stability. Recent studies have revealed that MDM2, CHIP, USP7, USP12, and USP14 are the regulators in ubiquitination and deubiquitination of AR (28–32). In our study, we confirmed that huaier extract enhanced proteasome-mediated protein degradation of AR-FL and AR-V7 by downregulating USP14. The data that USP14 regulated AR-V7 in our study provided new insights in USP14 function, and it corresponds with the conclusion that inhibition of USP14 can enhance enzalutamide treatment in hormone-sensitive cancer cells (51). Our results were consistent with that ubiquitin-proteasome degradation is a common method for AR proteolysis in PCa (28). However, recent study proved that autophagy serves as an alternative way for AR degradation (52). 3-MA, the autophagy inhibitor can increase AR/AR-V7 protein stability in 22Rv1 (53). Huaier extract was proved to attenuate the activation of PI3K/AKT/mTOR pathway, which is classically related to autophagy initiation (27, 54). Therefore, it is reasonable to hypothesize that huaier extract can promote AR/AR-V7 degradation via activating autophagy in PCa cells, which need to be explored in the future.

In summary, our study revealed that huaier extract is effective in both hormone-sensitive and castration-resistant prostate cancer via targeting AR-FL and AR-V7 signaling pathways (Figure 7). Furthermore, huaier extract exhibits a synergistic effect with enzalutamide and reverses its resistance. All these results indicate that Huaier extract may be a potential promising therapeutic drug for patients with PCa.




Figure 7 | A schematic model: the mechanisms through which huaier extract inhibits the growth of prostate cancer. The effects of huaier extract in prostate cancer shown in this study are: (1) down-regulation the expression of AR-FL/AR-V7 both in mRNA and protein levels via targeting SMYD3 signal pathway and USP14 related ubiquitin–proteasome system; (2) reducing the nuclear translocation of AR-FL as well as the nuclear accumulation of AR-V7, which, in turn, inhibits their transcriptional activity as transcription factors to their target genes; (3) enhancing enzalutamide treatment.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by the Ethics Committee on Scientific Research of Shandong University, Qilu Hospital.



Author Contributions

YF and ZF designed and supervised the study. ZL carried out the experiments and drafted the manuscript. JL and KY technically supported and revised of the manuscript. ZL and CL analyzed the experimental results. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (Nos. 81572515, 81472395, and 81672522) and the National Science Foundation for Young Scientists of Shandong (ZR2020QH245).



Acknowledgments

We are grateful to Prof. Michael Strickland (University of California, Los Angeles) for reading an initial draft of this paper.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.615568/full#supplementary-material



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68:394–424. doi: 10.3322/caac.21492

2. Karantanos, T, Evans, CP, Tombal, B, Thompson, TC, Montironi, R, and Isaacs, WB. Understanding the mechanisms of androgen deprivation resistance in prostate cancer at the molecular level. Eur Urol (2015) 67:470–9. doi: 10.1016/j.eururo.2014.09.049

3. Gelmann, EP. Molecular biology of the androgen receptor. J Clin Oncol (2002) 20:3001–15. doi: 10.1200/JCO.2002.10.018

4. Heinlein, CA, and Chang, C. Androgen receptor in prostate cancer. Endocr Rev (2004) 25:276–308. doi: 10.1210/er.2002-0032

5. Shen, MM, and Abate-Shen, C. Molecular genetics of prostate cancer: new prospects for old challenges. Genes Dev (2010) 24:1967–2000. doi: 10.1101/gad.1965810

6. Culig, Z, and Santer, FR. Androgen receptor signaling in prostate cancer. Cancer Metastasis Rev (2014) 33:413–27. doi: 10.1007/s10555-013-9474-0

7. Kobayashi, T, Inoue, T, Kamba, T, and Ogawa, O. Experimental evidence of persistent androgen-receptor-dependency in castration-resistant prostate cancer. Int J Mol Sci (2013) 14:15615–35. doi: 10.3390/ijms140815615

8. Beato, M. Gene regulation by steroid hormones. Cell (1989) 56:335–44. doi: 10.1016/0092-8674(89)90237-7

9. Roche, PJ, Hoare, SA, and Parker, MG. A consensus DNA-binding site for the androgen receptor. Mol Endocrinol (1992) 6:2229–35. doi: 10.1210/mend.6.12.1491700

10. Buttigliero, C, Tucci, M, Bertaglia, V, Vignani, F, Bironzo, P, Di Maio, M, et al. Understanding and overcoming the mechanisms of primary and acquired resistance to abiraterone and enzalutamide in castration resistant prostate cancer. Cancer Treat Rev (2015) 41:884–92. doi: 10.1016/j.ctrv.2015.08.002

11. Wu, JN, Fish, KM, Evans, CP, Devere White, RW, and Dall’Era, MA. No improvement noted in overall or cause-specific survival for men presenting with metastatic prostate cancer over a 20-year period. Cancer (2014) 120:818–23. doi: 10.1002/cncr.28485

12. Tran, C, Ouk, S, Clegg, NJ, Chen, Y, Watson, PA, Arora, V, et al. Development of a second-generation antiandrogen for treatment of advanced prostate cancer. Science (2009) 324:787–90. doi: 10.1126/science.1168175

13. Scher, HI, Beer, TM, Higano, CS, Anand, A, Taplin, ME, Efstathiou, E, et al. Antitumour activity of MDV3100 in castration-resistant prostate cancer: a phase 1-2 study. Lancet (2010) 375:1437–46. doi: 10.1016/S0140-6736(10)60172-9

14. Scher, HI, Fizazi, K, Saad, F, Taplin, ME, Sternberg, CN, Miller, K, et al. Increased survival with enzalutamide in prostate cancer after chemotherapy. N Engl J Med (2012) 367:1187–97. doi: 10.1056/NEJMoa1207506

15. Beer, TM, Armstrong, AJ, Rathkopf, DE, Loriot, Y, Sternberg, CN, Higano, CS, et al. Enzalutamide in metastatic prostate cancer before chemotherapy. N Engl J Med (2014) 371:424–33. doi: 10.1056/NEJMoa1405095

16. Dehm, SM, and Tindall, DJ. Alternatively spliced androgen receptor variants. Endocr Relat Cancer (2011) 18:R183–96. doi: 10.1530/ERC-11-0141

17. Hu, R, Lu, C, Mostaghel, EA, Yegnasubramanian, S, Gurel, M, Tannahill, C, et al. Distinct transcriptional programs mediated by the ligand-dependent full-length androgen receptor and its splice variants in castration-resistant prostate cancer. Cancer Res (2012) 72:3457–62. doi: 10.1158/0008-5472.CAN-11-3892

18. Mostaghel, EA, Marck, BT, Plymate, SR, Vessella, RL, Balk, S, Matsumoto, AM, et al. Resistance to CYP17A1 inhibition with abiraterone in castration-resistant prostate cancer: induction of steroidogenesis and androgen receptor splice variants. Clin Cancer Res (2011) 17:5913–25. doi: 10.1158/1078-0432.CCR-11-0728

19. Li, Y, Chan, SC, Brand, LJ, Hwang, TH, Silverstein, KA, and Dehm, SM. Androgen receptor splice variants mediate enzalutamide resistance in castration-resistant prostate cancer cell lines. Cancer Res (2013) 73:483–9. doi: 10.1158/0008-5472.CAN-12-3630

20. Sharp, A, Coleman, I, Yuan, W, Sprenger, C, Dolling, D, Rodrigues, DN, et al. Androgen receptor splice variant-7 expression emerges with castration resistance in prostate cancer. J Clin Invest (2019) 129:192–208. doi: 10.1172/JCI122819

21. Antonarakis, ES, Lu, C, Luber, B, Wang, H, Chen, Y, Nakazawa, M, et al. Androgen Receptor Splice Variant 7 and Efficacy of Taxane Chemotherapy in Patients With Metastatic Castration-Resistant Prostate Cancer. JAMA Oncol (2015) 1:582–91. doi: 10.1001/jamaoncol.2015.1341

22. Antonarakis, ES, Lu, C, Wang, H, Luber, B, Nakazawa, M, Roeser, JC, et al. AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N Engl J Med (2014) 371:1028–38. doi: 10.1056/NEJMoa1315815

23. Seitz, AK, Thoene, S, Bietenbeck, A, Nawroth, R, Tauber, R, Thalgott, M, et al. AR-V7 in Peripheral Whole Blood of Patients with Castration-resistant Prostate Cancer: Association with Treatment-specific Outcome Under Abiraterone and Enzalutamide. Eur Urol (2017) 72:828–34. doi: 10.1016/j.eururo.2017.07.024

24. Zhang, N, Kong, X, Yan, S, Yuan, C, and Yang, Q. Huaier aqueous extract inhibits proliferation of breast cancer cells by inducing apoptosis. Cancer Sci (2010) 101:2375–83. doi: 10.1111/j.1349-7006.2010.01680.x

25. Li, C, Wang, X, Chen, T, Wang, W, and Yang, Q. Trametes robiniophila Murr in the treatment of breast cancer. BioMed Pharmacother (2020) 128:110254. doi: 10.1016/j.biopha.2020.110254

26. Chen, Q, Shu, C, Laurence, AD, Chen, Y, Peng, BG, Zhen, ZJ, et al. Effect of Huaier granule on recurrence after curative resection of HCC: a multicentre, randomised clinical trial. Gut (2018) 67:2006–16. doi: 10.1136/gutjnl-2018-315983

27. Song, X, Li, Y, Zhang, H, and Yang, Q. The anticancer effect of Huaier (Review). Oncol Rep (2015) 34:12–21. doi: 10.3892/or.2015.3950

28. Lin, HK, Wang, L, Hu, YC, Altuwaijri, S, and Chang, C. Phosphorylation-dependent ubiquitylation and degradation of androgen receptor by Akt require Mdm2 E3 ligase. EMBO J (2002) 21:4037–48. doi: 10.1093/emboj/cdf406

29. Sarkar, S, Brautigan, DL, Parsons, SJ, and Larner, JM. Androgen receptor degradation by the E3 ligase CHIP modulates mitotic arrest in prostate cancer cells. Oncogene (2014) 33:26–33. doi: 10.1038/onc.2012.561

30. Chen, ST, Okada, M, Nakato, R, Izumi, K, Bando, M, and Shirahige, K. The Deubiquitinating Enzyme USP7 Regulates Androgen Receptor Activity by Modulating Its Binding to Chromatin. J Biol Chem (2015) 290:21713–23. doi: 10.1074/jbc.M114.628255

31. Burska, UL, Harle, VJ, Coffey, K, Darby, S, Ramsey, H, O’Neill, D, et al. Deubiquitinating enzyme Usp12 is a novel co-activator of the androgen receptor. J Biol Chem (2013) 288:32641–50. doi: 10.1074/jbc.M113.485912

32. Liao, Y, Liu, N, Hua, X, Cai, J, Xia, X, Wang, X, et al. Proteasome-associated deubiquitinase ubiquitin-specific protease 14 regulates prostate cancer proliferation by deubiquitinating and stabilizing androgen receptor. Cell Death Dis (2017) 8:e2585. doi: 10.1038/cddis.2016.477

33. Liu, C, Wang, C, Wang, K, Liu, L, Shen, Q, Yan, K, et al. SMYD3 as an oncogenic driver in prostate cancer by stimulation of androgen receptor transcription. J Natl Cancer Inst (2013) 105:1719–28. doi: 10.1093/jnci/djt304

34. Zhang, Y, Wang, X, and Chen, T. Efficacy of Huaier granule in patients with breast cancer. Clin Transl Oncol (2019) 21:588–95. doi: 10.1007/s12094-018-1959-4

35. Sun, Y, Sun, T, Wang, F, Zhang, J, Li, C, Chen, X, et al. A polysaccharide from the fungi of Huaier exhibits anti-tumor potential and immunomodulatory effects. Carbohydr Polym (2013) 92:577–82. doi: 10.1016/j.carbpol.2012.09.006

36. Xie, HX, Xu, ZY, Tang, JN, DU, YA, Huang, L, Yu, PF, et al. Effect of Huaier on the proliferation and apoptosis of human gastric cancer cells through modulation of the PI3K/AKT signaling pathway. Exp Ther Med (2015) 10:1212–8. doi: 10.3892/etm.2015.2600

37. Chen, Y, Wu, H, Wang, X, Wang, C, Gan, L, Zhu, J, et al. Huaier Granule extract inhibit the proliferation and metastasis of lung cancer cells through down-regulation of MTDH, JAK2/STAT3 and MAPK signaling pathways. BioMed Pharmacother (2018) 101:311–21. doi: 10.1016/j.biopha.2018.02.028

38. Zhou, C, Li, J, Qian, W, Yue, Y, Xiao, Y, Qin, T, et al. Huaier extract restrains pancreatic cancer by suppressing Wnt/β-catenin pathway. BioMed Pharmacother (2020) 127:110126. doi: 10.1016/j.biopha.2020.110126

39. Hamamoto, R, Furukawa, Y, Morita, M, Iimura, Y, Silva, FP, Li, M, et al. SMYD3 encodes a histone methyltransferase involved in the proliferation of cancer cells. Nat Cell Biol (2004) 6:731–40. doi: 10.1038/ncb1151

40. Sarris, ME, Moulos, P, Haroniti, A, Giakountis, A, and Talianidis, I. Smyd3 Is a Transcriptional Potentiator of Multiple Cancer-Promoting Genes and Required for Liver and Colon Cancer Development. Cancer Cell (2016) 29:354–66. doi: 10.1016/j.ccell.2016.01.013

41. Tsai, CH, Chen, YJ, Yu, CJ, Tzeng, SR, Wu, IC, Kuo, WH, et al. SMYD3-Mediated H2A.Z.1 Methylation Promotes Cell Cycle and Cancer Proliferation. Cancer Res (2016) 76:6043–53. doi: 10.1158/0008-5472.CAN-16-0500

42. Zhang, L, Jin, Y, Yang, H, Li, Y, Wang, C, Shi, Y, et al. SMYD3 promotes epithelial ovarian cancer metastasis by downregulating p53 protein stability and promoting p53 ubiquitination. Carcinogenesis (2019) 40:1492–503. doi: 10.1093/carcin/bgz078

43. Liu, C, Liu, L, Wang, K, Li, XF, Ge, LY, Ma, RZ, et al. VHL-HIF-2α axis-induced SMYD3 upregulation drives renal cell carcinoma progression via direct trans-activation of EGFR. Oncogene (2020) 39:4286–98. doi: 10.1038/s41388-020-1291-7

44. Lobo, J, Rodrigues, Â, Antunes, L, Graça, I, Ramalho-Carvalho, J, Vieira, FQ, et al. High immunoexpression of Ki67, EZH2, and SMYD3 in diagnostic prostate biopsies independently predicts outcome in patients with prostate cancer. Urol Oncol (2018) 36:161.e7–161.e17. doi: 10.1016/j.urolonc.2017.10.028

45. Vieira, FQ, Costa-Pinheiro, P, Ramalho-Carvalho, J, Pereira, A, Menezes, FD, Antunes, L, et al. Deregulated expression of selected histone methylases and demethylases in prostate carcinoma. Endocr Relat Cancer (2014) 21:51–61. doi: 10.1530/ERC-13-0375

46. Hitosugi, T, and Chen, J. Post-translational modifications and the Warburg effect. Oncogene (2014) 33:4279–85. doi: 10.1038/onc.2013.406

47. Chen, L, Liu, S, and Tao, Y. Regulating tumor suppressor genes: post-translational modifications. Signal Transd Targ Ther (2020) 5:90. doi: 10.1038/s41392-020-0196-9

48. Chen, Z, and Lu, W. Roles of ubiquitination and SUMOylation on prostate cancer: mechanisms and clinical implications. Int J Mol Sci (2015) 16:4560–80. doi: 10.3390/ijms16034560

49. van der Steen, T, Tindall, DJ, and Huang, H. Posttranslational modification of the androgen receptor in prostate cancer. Int J Mol Sci (2013) 14:14833–59. doi: 10.3390/ijms140714833

50. Coffey, K, and Robson, CN. Regulation of the androgen receptor by post-translational modifications. J Endocrinol (2012) 215:221–37. doi: 10.1530/JOE-12-0238

51. Xia, X, Huang, C, Liao, Y, Liu, Y, He, J, Guo, Z, et al. Inhibition of USP14 enhances the sensitivity of breast cancer to enzalutamide. J Exp Clin Cancer Res (2019) 38:220. doi: 10.1186/s13046-019-1227-7

52. Quan, Z, Li, T, Xia, Y, Liu, J, Du, Z, Luo, C, et al. PLCε maintains the functionality of AR signaling in prostate cancer via an autophagy-dependent mechanism. Cell Death Dis (2020) 11:716. doi: 10.1038/s41419-020-02917-9

53. Wadosky, KM, Shourideh, M, Goodrich, DW, and Koochekpour, S. Riluzole induces AR degradation via endoplasmic reticulum stress pathway in androgen-dependent and castration-resistant prostate cancer cells. Prostate (2019) 79:140–50. doi: 10.1002/pros.23719

54. Levine, B, and Kroemer, G. Autophagy in the pathogenesis of disease. Cell (2008) 132:27–42. doi: 10.1016/j.cell.2007.12.018



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Liu, Liu, Yan, Liu, Fang and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-615568-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Huaier Extract Inhibits Prostate Cancer Growth via Targeting AR/AR-V7 Pathway

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture and Reagents

          



          		

            Cell Viability Assay

          



          		

            Colony Formation Assay

          



          		

            Invasion Assay

          



          		

            Migration Assay

          



          		

            Flow Cytometry Analysis of Apoptosis

          



          		

            Flow Cytometry Analysis of Cell Cycle

          



          		

            siRNA and Plasmids Transfection of Cells

          



          		

            Luciferase Reporter Assay

          



          		

            Immunofluorescence Assay

          



          		

            Co-Immunoprecipitation and Western Blot

          



          		

            Real-Time Quantitative Polymerase Chain Reaction

          



          		

            Immunohistochemistry

          



          		

            In Vivo Tumorigenesis Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Huaier Extract Inhibited Prostate Cancer Cell Viability and Motility

          



          		

            Huaier Extract Inhibited Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Signaling Pathways

          



          		

            Huaier Extract Enhanced the Protein Degradation of Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 via the Ubiquitin–Proteasome System Through Downregulation Ubiquitin-Specific Protease 14

          



          		

            Huaier Extract Decreases the mRNA Levels of Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Through Inhibiting SET and MYND Domain-Containing Protein 3 Signaling

          



          		

            Huaier Extract Inhibited Full Length Androgen Receptor and Androgen Receptor Splicing Variant 7 Transcriptional Activity and Nuclear Translocation

          



          		

            Huaier Extract Enhanced Enzalutamide Treatment

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-615568-g001.jpg





OEBPS/Images/fonc-11-615568-g007.jpg
Dt ot





OEBPS/Images/fonc-11-615568-g005.jpg
e






OEBPS/Images/fonc-11-615568-g003.jpg





OEBPS/Images/fonc.2021.615568_cover.jpg
, frontiers
in Oncology

Huaier Extract Inhibits Prostate
Cancer Growth via Targeting
AR/AR-V7 Pathway





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-615568-g004.jpg





OEBPS/Images/fonc-11-615568-g006.jpg





