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Ubiquitin-specific protease 8 (USP8) has been recently reported to be involved in tumorigenesis. Prostate cancer (PCa) is the most diagnosed malignancy among men, but USP8’s role in PCa is not yet investigated comprehensively. Therefore, the PCa cell lines DU145 and PC3 were transfected with USP8 siRNA or overexpressing vector together with or without docetaxel. The silencing USP8 and docetaxel treatment reduced cell viability and migration and promoted apoptosis. In contrast, USP8 knockdown was found to enhance docetaxel antitumor activity. In contrast, increased cell viability and migration were noticed upon USP8 overexpression, thereby decreasing apoptosis and suppressing docetaxel antitumor activity. Notably, although EGFR, PI3K, and NF-kB were found to be increased in both USP8 overexpression and docetaxel treatment, it significantly attenuated the effects in USP8 silencing followed by with or without docetaxel. Although EGFR silencing decreased PI3K and NF-kB activation, overexpression of USP8 was shown to counteract SiEGFR’s effects on NF-kB signaling by increasing PI3K expression. Our findings revealed that USP8 plays an oncogenic role in PCa and can suppress docetaxel activity. Additionally, as EGFR/PI3K/NF-kB was previously reported to develop docetaxel resistance, the combination treatment of USP8 knockdown with docetaxel might be a potential PCa therapeutic.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed male malignancy and the second leading cause of cancer-related mortality worldwide. In the year 2021, globally an estimated 248,530 new cases of PCa were diagnosed (26% among the cancers) with approximately 34,130 deaths (11% among the cancers) (1). Androgen (AR) receptors play an essential role in prostate tumorigenesis; their activation promotes PCa cell growth while inhibiting apoptosis (2, 3). For advanced PCa, the standard first-line treatment is AR deprivation therapy (4). Clinical progress is seen when AR synthesis in the testes is reduced and/or AR receptor signaling is suppressed. Unfortunately, within 18–24 months, these individuals will regress and develop castration-resistant prostate cancer (CRPC) (5). CRPC patients have a terrible long-term prognosis, with a low overall survival (OS), albeit survival varies considerably based on individual disease features (6, 7).

Docetaxel has been on the market since 2004 and was reported to increase the OS of CRPC patients significantly (8). As a result, docetaxel-based chemotherapy is still considered the mainstay treatment for CRPC patients (9). However, docetaxel resistance is a substantial clinical issue. Tumors are either naturally docetaxel resistant or become docetaxel resistant, but in all cases, tumor growth goes away or returns quickly (8, 10). The development of docetaxel resistance in PCa has been researched in a variety of ways (10–13). Cancer drugs were reported to develop resistance through numerous deubiquitinating enzymes (DUBs) (14). The DUBs are involved in deubiquitination to remove the ubiquitin or ubiquitin chain from the substrate and stabilize it by protecting it from degradation and involvement in PCa tumorigenesis (15). The ubiquitin-specific proteases (USPs) are the most widespread DUB subfamily in humans. Ubiquitin-specific protease 8 (USP8), also known as UBPY, belongs to the USP family and is involved in protein endosomal sorting. USP8 is associated with tumor development, including lung cancer (16), cervical cancer (17), cholangiocarcinoma (18), breast cancer (19, 20), and hepatocellular carcinoma (21).

Downregulation of USP8 inhibits the survival of gefitinib-resistant non-small cell lung cancer (NSCLC) cells. It promotes apoptosis, advising that USP8 might be a therapeutic target for gefitinib-resistant NSCLC (16). However, it is yet unclear whether UPS8 is involved in the advancement of PCa. As a result, we looked into USP8’s biological function in PCa. The elevated EGFR, PI3K/Akt, and NF-kB activation was also previously reported to develop chemoresistance/drug resistance in numerous cancers (11, 22–24), whereas EGFR, PI3K/Akt, and NF-kB were previously reported to be regulated by ubiquitination and deubiquitination (25–28). However, the role of USP8 in PCa and whether USP8 has any effects on docetaxel treatment to regulate its effects targeting to enhance docetaxel activity, which may help to suppress the docetaxel resistance in CRPC, are also unclear. Therefore, we performed an in vitro study on DU145 and PC3 cell lines and observed the PCa cell’s growth, migration, apoptosis, and expression of EGFR, PI3K, and NF-kB-related proteins upon silencing or overexpressing USP8 followed by with or without docetaxel treatment.

Our results showed that USP8 has an oncogenic role in the proliferation and invasion of PCa cells, suggesting that it might be a novel therapeutic target in treating PCa. Furthermore, knocking down USP8 enhanced docetaxel’s anticancer activity. Also, it suppressed EGFR, PI3K, and NF-kB signaling pathways, whose elevated expression or activation was reported to develop docetaxel resistance in CRPC.



Materials and methods


Cell culture, transfection, and treatment

The DU145 and PC3 human PCa cell lines were purchased from the American Type Culture Collection (ATCC, USA). Both cell lines were cultured at 37°C, and 5% CO2 in RPMI 1640 medium (Gibco, MA, USA) was supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Thermo Fisher Scientific, MA, USA). The cells were washed three times in PBS, digested with trypsin, and seeded into well plates for treatment and transfection after reaching the logarithmic growth phase. The MTT 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide assay was executed to calculate the IC50 of docetaxel for DU145 and PC3 cell lines.

pCMV3-USP8-Myc and pCMV3-C-Myc-Negative control vectors were obtained from Sino Biological Inc. (Beijing, China). USP8-SiRNA: 5′-GCU CGU AUU CAU GCA GAA ATT-3′, EGFR-SiRNA: 5′-GUA AUU AUG UGG UGA CAG ATT-3′, and negative control: 5′-UUC UCC GAA CGU GUC ACG UTT-3′, were obtained from GenePharma (Shanghai, China). USP8-pCMV3, control pCMV3, SiUSP8, SiEGFR, and control siRNA were transfected by Lipofectamine 2000 reagent (Invitrogen, MA, USA) as stated by the manufacturer.



Assay for cell viability and proliferation

The MTT test was used to determine cell viability, with 10 μl of MTT reagent administered to each well of a 96-well plate (1 × 104 cell/well). The absorbance at 490 nm was measured using a spectrophotometer. For MTT assay, PCa cell DU145 and PC3 were first transfected with SiUSP8 or USP8-pCMV3 along with their controls (scramble/mock) and incubated at different periods (0, 24, and 72 h). Later, the transfected cells (scramble/mock and SiUSP8/ovUSP8) were treated with or without docetaxel IC50 (4.5 nM in DU145 and 3 nM in PC3) and incubated for 48 h at 37°C and 5% CO2. The cell proliferation was measured by Trypan blue exclusion assay, and a hemocytometer was used to count the cells manually.



Wound healing and Transwell assay

The DU145 and PC3 cells were cultured in six-well plates to carry out a wound-healing assay. After 24 h of incubation, the cells cultured in well plates were washed with PBS and a street wound line was created by pipette following the middle of each well between the cells. Then, the cells were transfected with USP8 siRNA or overexpression vector together with or without docetaxel IC50 treatment (4.5 nM in DU145 and 3 nM in PC3) and incubated at 37°C, and 5% CO2, and the images were taken under a fluorescence microscope (Olympus Corporation, Shinjuku, Japan) at different incubation periods like 0, 24, 48, and 72 h. For the Transwell migration test, the treated or transfected cells with controls were planted without serum in the top chamber (filter), while the lower chamber was filled with RPMI 1640 supplemented with 10% FBS. After allowing the cells to move for 48 h, they were treated with 0.1% crystal violet and dyed with it. A fluorescence microscope was used to obtain the images.



Western blot analysis and antibodies

RIPA lysis buffer (Thermo Fisher Scientific) containing phenylmethylsulfonylfluoride (PMSF) (Solarbio, Beijing, China) and a protease inhibitor cocktail (Roche, Basel, Switzerland) was used to extract protein from the treated or transfected cells with controls. The BCA Protein Quantification Kit (Vazyme) was used to determine the protein content. Ten to 12% of SDS-PAGE was used to blot equivalent quantities of protein onto PVDF membranes. The blots were treated with primary antibodies overnight and then with a secondary antibody for 2 h the next day. Then, the blots were washed three times with TBST (Tris-buffered saline, 0.1% Tween 20), and blot images were taken by using a chemiluminescence kit. The following antibodies were used: USP8, EGFR, PI3K, P-Akt, IKKα, IκBα, GAPDH, E-cadherin, N-cadherin (Proteintech, IL, USA), p65, P-p65, P-IκBα, Cleaved Caspase 3, and Cleaved Caspase 9 (Wanleibio, Beijing, China).



Flow cytometry for apoptosis analysis

In six-well culture plates with 2 ml per well, the DU145 and PC3 cells were seeded at 5 × 104 cells/ml. Then, the cells were transfected with SiUSP8 or ovUSP8 with or without docetaxel IC50 (4.5 nM in DU145 and 3 nM in PC3) and incubated at 37°C with 5% CO2. After a 48-h incubation period, the cells were rinsed in ice-cold PBS, stained with 5 μl Annexin V/FITC (Beyotime, Beijing, China), and incubated in dark conditions for 5 min at room temperature, followed by 10 μl PI (propidium iodide, Beyotime) for 5 min. Cell apoptosis was detected using a flow cytometer, and the results were analyzed using the FlowJo software.



Statistical analysis

The standard deviation (SD) of the mean of the group studies was calculated after each treatment or transfection was performed in triplicate. For each experiment to compare the groups, the Student’s two-tailed t-test was utilized, with p < 0.05 being statistically significant. One-way analysis of variance (ANOVA) and Fisher’s least significant difference tests were used to compare different groups, and p < 0.01 was considered statistically significant. GraphPad Prism 6 and IBM SPSS 17.0 were used to conduct these statistical analyses.




Results


USP8 regulates PCa cell growth and proliferation

We used the MTT test to determine cell viability at various periods (0, 24, 48, and 72 h) by transfecting with SiUSP8. The cells transfected with scramble siRNA are considered as the control in each period of incubations. The optical density of scramble cells at each time point is considered as 100% cell survival. The viable percentages of PCa cells were nearly similar in 0 h of transfection. In contrast, significantly decreased viable cells were found in 24, 48, and 72 h upon SiUSP8 transfection compared to control in both PCa cell lines. For DU145, about 87.83 ± 2.74%, 76.6 ± 3.70%, and 67.1 ± 3.17% cells were monitored to survive upon SiUSP8 transfection over 24, 48, and 72 h, respectively (Figure 1A1). Additionally, for PC3, about 85.77 ± 3.4%, 75.6 ± 2.9%, and 66.47 ± 3.4% cells were monitored to survive upon SiUSP8 transfection over 24, 48, and 72 h, respectively (Figure 1A2).




Figure 1 | USP8 regulates PCa cell growth and proliferation. (A) DU145 and PC3 cell lines were transiently transfected with scramble siRNA, siUSP8, a mock vector, and a USP8-overexpressing vector. The MTT assay was used to determine cell survival at a different time point (0, 24, 48, 72 h). (B) Growth curves of DU145 and PC3 PCa cell lines. DU145 and PC3 PCa cells were transfected with scramble siRNA, siUSP8, a mock vector, and a USP8-overexpressing vector. Cells were cultured with a density of 1 × 105 cells/ml. At the same time points, a total number of Trypan Blue-negative cells were manually counted and displayed. (C) DU145 and PC3 cells were transfected with scrambled siRNA or SiUSP8, and mock or USP8-overexpressing vector followed by docetaxel therapy with 4.5 and 3 nM, respectively. After 48 h, the cells were subjected to MTT assay and the cell survival from optical density (OD) calculated. The OD was set to 490 nm, and all data are presented as mean ± SD (n = 3, *p < 0.05 and **p < 0.01).



In the trypan blue exclusion test, the growth or proliferation pattern of the control cells increased normally by increasing the cell numbers over time. In contrast, the silencing of USP8 showed a significantly decreased number of cells compared to control over 24, 48, and 72 h in both DU145 (Figure 1B1) and PC3 (Figure 1B2) cells, which also supports the MTT assay results.

Overexpression of USP8 improved the viability of PCa cells in a time-dependent way as compared to the mock-treated group. For DU145, about 113.67 ± 2.97%, 122.17 ± 2.4%, and 133.03 ± 2.31% cells were monitored to survive upon pCMV3-USP8 transfection over 24, 48, and 72 h, respectively (Figure 1A3). Additionally for PC3, about 117.77 ± 3.23%, 130.5 ± 2.2%, and 142.37 ± 3.05% of cells were monitored to survive upon pCMV3-USP8 transfection over 24, 48, and 72 h, respectively (Figure 1A4). The results of cell counting also backed up the MTT results. The number of cells in DU145 (Figure 1B3) and PC3 (Figure 1B4) upon overexpressing USP8 increased significantly throughout incubation at different periods. These results imply that USP8 plays a vital role in the development and proliferation of PCa cells, indicating that targeting USP8 for PCa treatment is a good idea.

The knockdown of USP8 enhanced the anti-proliferative impact of docetaxel in the MTT assay in both PCa cell lines. At 48 h of observation, both individual treatments of SiUSP8 and docetaxel were found to reduce survival in both PCa cells, which was found statistically significant compared to the control but did not find any significant difference in cell survival between SiUSP8 and docetaxel. However, docetaxel treatment was found to have lower cell survival (74.3 ± 2.1% in DU145 and 77.6 ± 3.6% in PC3) compared to SiUSP8 (77.67 ± 2.95% and 71.9 ± 4.5%) (Figure 1C1). Notably, the combination treatment of docetaxel and SiUSP8 was found to have the lowest cell survival 65.1 ± 2.4% and 60.4 ± 2.1% in DU145 (Figure 1C1) and PC3 (Figure 1C2) cells, respectively, which were significant compared to control and individual treatments of SiUSP8 and docetaxel.

On the other hand, compared to the control group, the USP8 overexpression eliminated the impact of docetaxel in PCa cells. The highest cell survivals 123.83 ± 3.43% and 130.5 ± 2.2% were noticed after 48 h of pCMV3-USP8 transfection in both DU145 (Figure 1C3) and PC3 (Figure 1C4) cells, respectively, which were significantly higher compared to control (100%), docetaxel treatment (73.63 ± 2.58% in DU145 and 70.93 ± 4.52% in PC3), and combined treatment of ovUSP8 and docetaxel (93.6 ± 2.2% in DU145 and 89.73 ± 2.64% in PC3). Although the PCa cell survival in docetaxel treatment was found at 73.63 ± 2.58% in DU145 (Figure 1C3) and 70.93 ± 4.52% in PC3 (Figure 1C4), it significantly increased to 93.6 ± 2.2% and 89.73 ± 2.64% when docetaxel was treated along with ovUSP8 in DU145 (Figure 1C3) and PC3 (Figure 1C4) cells, respectively. According to the findings, USP8 has a function in the enhanced development and proliferation of PCa. It also proposes that USP8 may play a role in mediating docetaxel’s anticancer effects.



Silencing of USP8 suppresses PCa cell migration and promotes docetaxel activity

In DU145, silencing of USP8 was found to have significantly reduced cell migration rates 16.8 ± 1.5%, 24.3 ± 2.6%, and 46.2 ± 1.4% compared to control with 28.6 ± 1.9%, 54.8 ± 3.2%, and 80.6 ± 3.7% at 24, 48, and 48 h, respectively (Figures 2A1, B1). The docetaxel treatment in scramble DU145 cells found 15.3 ± 1.6%, 21.5 ± 1.9%, and 34.1 ± 2.7% of migrated area, which was also significantly lower than the control at 24, 48, and 72 h, respectively (Figures 2A1, B1). However, the percentage of cell-migrated areas in docetaxel-treated DU145 was found lower compared to USP8 knockdown at a different point of time. Still, it was only significant at 72 h of observation (34.1 ± 2.7% in docetaxel and 46.2 ± 1.4% in SiUSP8) (Figures 2A1, B1). The lowest migration rates of 7.9 ± 0.8%, 14.5 ± 1.2%, and 24.2 ± 2.3% were found in docetaxel-treated silenced USP8 cells of DU145 at 24, 48, and 72 h, respectively, which was significant not only compared to the control but also compared to the individual treatments of SiUSP8 and docetaxel (Figures 2A1, B1).




Figure 2 | Regulation of PCa cell migration by USP8, and wound healing action of docetaxel. (A) PCa cells DU145 and PC3 were transfected with either scrambled or SiUSP8, and wound healing assay was employed followed by with or without docetaxel therapy (4.5 nM in DU145 and 3 nM in PC3) as described details in the methodology section. (B) The un-migrated area was measured by using ImageJ, and bar diagrams were plotted to represent the rate of cell migration of each independent experiment (n = 3, *p < 0.05). (C) PCa cells DU145 and PC3 were transfected with either mock vector or pCMV3-USP8-overexpressing vector, and wound healing assay was employed in the presence or absence of docetaxel (4.5 nM in DU145 and 3 nM in Pc3) as described details in methodology. (D) The un-migrated area was measured by using ImageJ, and bar diagrams were plotted to represent the rate of cell migration of each independent experiment (n = 3, *p < 0.05).



Similarly, in PC3, silencing of USP8 was found to have significantly reduced cell migration rates at 20.6 ± 2.0%, 34.1 ± 2.7%, and 71.0 ± 2.5% compared to control at 34.9 ± 2.1%, 65.7 ± 2.6%, and 95.3 ± 2.3% over 24, 48, and 48 h, respectively (Figures 2A2, B2). The docetaxel treatment in scramble PC3 cells found 17.5 ± 1.7%, 30.3 ± 3.2%, and 60.2 ± 3.4% migrated areas, which was also significantly lower than the control at 24, 48, and 72 h, respectively (Figures 2A2, B2). Although the percentage of cell-migrated areas in docetaxel-treated PC3 was found lower at a different time compared to USP8 knockdown, the differences were not statistically significant. The lowest migration rates 9.9 ± 1.7%, 19.8 ± 2.3%, and 41.8 ± 2.3% were found in docetaxel-treated silenced USP8 cells of PC3 at 24, 48, and 72, respectively, which was significant not only compared to the control but also compared to individual treatments of SiUSP8 and docetaxel (Figures 2A2, B2). By these findings, USP8 has a significant role in PCa cell migration. Its knockdown inhibits the cell migration and enhances the healing action of docetaxel in both cells.

After that, cell migration was investigated using a Transwell migration test to validate the findings. Compared to the control group, suppression of USP8 resulted in a lower chamber with a significantly smaller number of migrating cells but a considerably higher number of migrating cells were found compared to docetaxel treatment (Figure 3A). The lowest amount of migrating cells observed in the combined therapy of docetaxel and SiUSP8, which showed significance compared to all other investigating groups in both DU145 and PC3 cells (Figures 3A, C). Therefore, the migration results in the Transwell were similar to the wound healing assay and supporting consequences for both PCa cell lines.




Figure 3 | Regulation of the number of PCa migrating cells by USP8, and the anti-migrating action of docetaxel in Transwell assay through regulation of EMT-related proteins. (A) Scrambled or USP8-specific siRNA was transfected into PCa cells. Docetaxel was used to treat transfected cells before they were introduced to the Transwell chamber. The migrating cells were treated with 4% paraformaldehyde before being imaged (100×). (B) Mock or pCMV3-USP8-overexpressing vector was transfected into PCa cells. Docetaxel was used to treat transfected cells before they were introduced to the Transwell chamber. The migrating cells were treated with 4% paraformaldehyde before being imaged (100×). (C, D) ImageJ software was used to determine the number of migratory cells, which was shown on a graph. Data are represented as mean ± SD (n = 3, *p < 0.05). The DU145 and PC3 cells were transfected with SiUSP8 (E) and pCMV3-USP8-overexpressing vector (F) for 48 h; total protein was extracted and incubated with antibody (E-cadherin and N-cadherin) after executing Western blotting. GAPDH was utilized as a control in Western blotting. (G, H) The relative gray value was measured using ImageJ software and plotted on a bar diagram by GraphPad prism. The data were standardized using GAPDH as a loading control and given as mean ± SD (n = 3, *p < 0.05).





Overexpression of USP8 promotes PCa cell migration and diminished docetaxel activity

In DU145, the highest cell migration rates were 43.6 ± 1.8%, 70.5 ± 3.1%, and 94.04 ± 1.8% at 24, 48, and 72 h of observation, respectively, upon pCMV3-USP8 transfection, which was significant not only compared to mock control at 31.5 ± 1.8%, 54.9 ± 1.8%, and 78.5 ± 3.1% over 24, 48, and 48 h, respectively, but also compared to docetaxel treatment and docetaxel treatment with pCMV3-USP8 transfection in different periods of observations (Figures 2C1, D1). The docetaxel treatment in mock DU145 cells found 15.04 ± 1.3%, 31.9 ± 1.6%, and 48.03 ± 2.3% migrated areas at 24, 48, and 72 h, respectively, which were found to be significantly lower than those of the control and ovUSP8 (Figures 2C1, D1). Although the migration rate in docetaxel-treated DU145 was found the most deficient in every period of observation, the migration rates were significantly increased at 28.2 ± 1.9%, 57.6 ± 2.9%, and 80.8 ± 2.3% for 24, 48, and 72 h of observation, respectively, when docetaxel was treated in USP8-overexpressed cells. In addition, pCMV3-USP8 and docetaxel showed a significantly lower migration rate than only pCMV3-USP8-transfected DU145 cells in different periods of observation. Still, pCMV3-USP8 and docetaxel did not show any significant difference compared to the mock control (Figures 2C1, D1).

Similarly, in PC3, the highest cell migration rates were 51.1 ± 3.4%, 87.2 ± 2.7%, and 99.2 ± 0.3% at 24, 48, and 72 h of observation, respectively, upon pCMV3-USP8 transfection, which was significant not only compared to mock control 39.9 ± 3.3%, 66.8 ± 3.7%, and 89.5 ± 2.1% at 24, 48, and 48 h, respectively, but also compared to docetaxel treatment and docetaxel treatment with pCMV3-USP8 transfection in different periods of observations (Figures 2C2, D2). The docetaxel treatment in mock PC3 cells found 23.9 ± 3.7%, 38.7 ± 3.6%, and 63.9 ± 3.1% migrated areas, which was also significantly lower than control and ovUSP8 at 24, 48, and 72 h, respectively (Figures 2C2, D2). Although the migration rate in docetaxel-treated PC3 was found the lowest in every period of observation, the migration rate was significantly increased when docetaxel was treated in USP8-overexpressed cells with 35.4 ± 3.9%, 66.4 ± 3.7%, and 91.0 ± 2.5% for 24, 48, and 72 h of observation, respectively. In addition, pCMV3-USP8 along with docetaxel showed a significantly lower migration rate compared to only pCMV3-USP8-transfected PC3 cells in different periods of observation. Still, the pCMV3-USP8 and docetaxel did not show any significant difference compared to mock control (Figures 2C2, D2). By these findings, USP8 has a significant role in PCa cell migration. Its overexpression increased the PCa cell migration and diminished the healing action of docetaxel in both cells.

Similar to the wound healing assay, overexpression of USP8 resulted in the highest number of migrated cells for both Du145 and PC3 cells in the Transwell assay, which showed statistical significance compared to all other treatment group cells (Figure 3B). On the other hand, although the lowest number of migrated cells was noticed in docetaxel treatment, it was significantly increased in the combined therapy of docetaxel and pCMV3-USP8-overexpressing vector cells (Figures 3B, D). Therefore, similar to the wound healing assay, it could be stated that USP8 overexpression increased the PCa cell migration and diminished the effect of docetaxel on PCa migration.



USP8 regulates EMT-related proteins leading to PCa cell migration and metastasis

A significantly increased expression of epithelial cadherin (E-cadherin) was noticed upon USP8-specific siRNA transfection. In contrast, the expression of neural cadherin (N-cadherin) was significantly decreased in both PCa cell line DU145 cells and PC3 cells (Figures 3E, G). On the other hand, significantly reduced E-cadherin and elevated N-cadherin were found upon USP8 overexpression in both PCa cell line cells (Figures 3F, H). The results show that USP8 can promote the epithelial-to-mesenchymal transition (EMT) process by decreasing E-cadherin and increasing N-cadherin, thereby increasing the PCa cell migration and metastasis.



USP8 silencing downregulates the NF-κB pathway and inhibits docetaxel-mediated NF-κB activation

To find whether USP8 and docetaxel could regulate the NF-κB signaling pathway by an individual or combined treatment in PCa, we extracted the total protein. We performed Western blotting of DU145 and PC3 cell lines upon transfection of siUSP8 with or without docetaxel treatment. The USP8 silencing in both PCa cell lines found a significantly decreased IKKα and thereby decreased phosphorylated IκBα and increased IκBα compared to control and docetaxel treatment (Figures 4A, B). Furthermore, both phosphorylated and unphosphorylated p65 were found to be decreased significantly upon USP8 knockdown compared to control and docetaxel treatment. Interestingly, the NF-κB upstream proteins EGFR and PI3K were also found to be reduced significantly by siRNA-mediated silencing of USP8 compared to control and docetaxel treatment (Figures 4A, B).




Figure 4 | USP8 regulates the NF-κB pathway and docetaxel-mediated NF-κB activation in PCa. (A) The DU145 and PC3 cells were transfected or treated with siUSP8 and docetaxel IC50 individually or combined, and for Western blotting, complete protein was obtained. Antibodies to the indicated proteins (USP8, EGFR, PI3K, IKKα, IKBα, P-IKBα, p65, P-p65) were used to detect their expression. As a control, GAPDH was employed. (B) ImageJ was used to compute the relative gray value of the blots. The results were standardized using GAPDH as a loading control (individual protein/GAPDH) and shown as mean ± SD from three replicated experiments (n = 3, *p < 0.05). (C) The DU145 and PC3 cells were treated with USP8-overexpressing plasmid and docetaxel IC50 individually or combinedly, and for Western blotting, complete protein was obtained. Antibodies to the indicated proteins (USP8, EGFR, PI3K, IKKα, IKBα, P-IKBα, p65, P-p65) were used to detect their expression. As a control, GAPDH was employed. (D) ImageJ was used to compute the relative gray value of the blots. The results were standardized using GAPDH as a loading control (individual protein/GAPDH) and shown as mean ± SD from three replicated experiments (n = 3, *p < 0.05).



On the other hand, the docetaxel treatment activated the NF-κB signaling pathway by increasing IKKα and phosphorylated IκBα and p65. A significantly decreased IκBα was found in the docetaxel treatment, but no significant difference in p65 was found in the docetaxel treatment compared to the control. Additionally, significantly increased expressions of EGFR and PI3K were also found in docetaxel treatment compared to control (Figures 4A, B). Interestingly, although the docetaxel treatment increased EGFR and PI3K and the NF-κB signaling pathway, the lowest EGFR, PI3K, and decreased NF-κB signaling pathways were found when the USP8-silenced PCa cells were treated with docetaxel. The significant proteins involved in activating NF-κB signaling pathways, such as IKKα and phosphorylated IκBα and p65, were found the lowest in the combination treatment of siUSP8 and docetaxel in both PCa cell lines (Figures 4A, B).



USP8 overexpression upregulates the NF-κB pathway and enhances docetaxel-mediated NF-κB activation

It was previously reported that docetaxel enhanced NF-κB activation, which was attenuated by silencing USP8. Later, we inquired into the possibility of overexpression of USP8 in the NF-κB activation and its involvement in docetaxel-mediated NF-κB activation. We performed vector-mediated overexpression of USP8 together with or without docetaxel treatment in the DU145 and PC3 cell lines. The data from Western blotting showed that there was a significantly increased IKKα, phosphorylated IκBα and p65, and p65 found in USP8-overexpressed PCa cells but decreased IκBα compared to control and thereby upregulating the NF-κB activation (Figures 4C, D). Consequently, significantly increased EGFR and PI3K were also found in USP8-overexpressed PCa cell lines compared to the control. Similar results were also found in docetaxel treatment where PI3K, phosphorylated IκBα, and p65 were significantly lower than USP8-overexpressing PCa cells. Therefore, both the USP8 overexpression and docetaxel treatment were individually found to enhance NF-κB activation, where their combination treatment found the highest level of EGFR, PI3K, IKKα, phosphorylated IκBα and p65, and p65 and the lowest IκBα and thereby severely enhancing NF-κB activation in PCa cells (Figures 4C, D).



USP8 regulates apoptosis and docetaxel-mediated apoptosis in prostate cancer

The data in Figure 5A indicated that silencing of USP8 significantly increased the apoptotic cells compared to control (control vs. siUSP8: DU145, 2.26 ± 0.38% vs. 6.32 ± 0.44%, P value = 0.0003; PC3, 3.73 ± 0.36% vs. 12.89 ± 0.5%, P value ≤0.0001). The apoptotic cells were also found to be significantly increased in docetaxel treatment compared to control (control vs. docetaxel: DU145, 2.26 ± 0.38% vs. 7.29 ± 0.59%, P value = 0.0002; PC3, 3.73 ± 0.36% vs. 15.4 ± 0.4%, P value ≤0.0001). Interestingly, the docetaxel treatment found higher apoptotic cells compared to USP8 silencing in both PCa cell lines, which was significant in PC3 (siUSP8 vs. docetaxel: 12.89 ± 0.5% vs. 15.4 ± 0.4%, P value = 0.003) but not in DU145 (siUSP8 vs. docetaxel: 6.32 ± 0.44% vs. 7.29 ± 0.59%, P value = 0.2). More importantly, the highest percentage of apoptotic cells 13.1 ± 0.5% and 24.6 ± 0.4% were found in DU145 and PC3 cell lines, respectively, which were significantly higher compared to control, siUSP8, and docetaxel treatment in both PCa cell lines (P value ≤0.0001 for all comparisons, Figure 5C).




Figure 5 | Knockdown of USP8 increases apoptosis and enhances docetaxel-mediated apoptosis in PCa where its overexpression shows the opposite effects. (A) The DU145 and PC3 cells were transfected or treated with siUSP8 and docetaxel IC50 individually or combined, and the apoptosis was examined using a flow cytometry assay. (B) The DU145 and PC3 cells were transfected or treated with pCMV3-USP8 and docetaxel IC50 individually or combined, and the apoptosis was examined using a flow cytometry assay. The four-quadrant pictures observed by flow cytometric analysis are shown by the dot plot. Q1 shows necrotic cells, Q2 shows later period apoptotic cells, Q3 shows early apoptotic cells, and Q4 shows normal cells. (C) The total percentage of apoptotic cells (sum of apoptotic cells and early apoptotic cells) shown in the bar diagram to compare the value between and among the study groups. The data are shown as mean ± SD from three replicated experiments (n = 3, **p < 0.01; *p <0.05).



The data in Figure 5B showed that overexpression of USP8 significantly decreased the apoptotic cells compared to control (control vs. ovUSP8: DU145, 2.3 ± 0.34% vs. 1.3 ± 0.2%, P value = 0.007; PC3, 3.9 ± 0.38% vs. 2.1 ± 0.4%, P value ≤0.001), whereas the apoptotic cells were found to be significantly increased in docetaxel treatment compared to control (control vs. docetaxel: DU145, 2.3 ± 0.34% vs. 7.15 ± 0.28%, P value = 0.0013; PC3, 3.9 ± 0.38% vs. 15.11 ± 0.24%, P value ≤0.0001). Additionally, the docetaxel treatment found significantly higher apoptotic cells compared to USP8 overexpression in both PCa cell lines (ovUSP8 vs. docetaxel: DU145, 1.3 ± 0.2% vs. 7.15 ± 0.28%, P value = 0.0006; PC3, 2.1 ± 0.4% vs. 15.11 ± 0.24%, P value ≤0.0001). Interestingly, this apoptotic role of docetaxel was found to be attenuated upon USP8 overexpression. The percentages of increased apoptotic cells in docetaxel treatment were found to decrease significantly in the combination treatment of USP8 overexpression with docetaxel (docetaxel vs. ovUSP8+Docetaxel: DU145, 7.15 ± 0.28% vs. 4.36 ± 0.41%, P value = 0.016; PC3, 15.11 ± 0.24% vs. 10.35 ± 0.37%, P value ≤0.002). Moreover, although the ovUSP8+Docetaxel treatment found significantly lower apoptotic cells (%) compared to the docetaxel treatment, it found significantly higher apoptotic cells (%) compared to control and USP8 overexpression in both PCa cell lines (Figure 5B, C).

To further understand the mechanism of USP8 behind the increased apoptosis, a Western blot was used to investigate the expression of apoptosis-related proteins. So, for this, we examined the expression of cleaved Caspase 3 and cleaved Caspase 9 pro-apoptotic proteins upon USP8 siRNA and pCMV3-USP8-overexpressing vector transfection in both DU145 and PC3 cells. In all PCa cell lines, in comparison to the control group, knocking down USP8 increased cleaved Caspase 3 and cleaved Caspase 9 levels (Figures 6A, B). In contrast, the elevated expression of USP8 greatly reduced the proportion of apoptotic PCa cells (Figure 5B) and reduced the cleaved Caspase 3 and cleaved Caspase 9 which were found in DU145 and PC3 cells by USP8 overexpression (Figures 6A, B). These findings propose that USP8 may regulate the Caspase cascade’s apoptosis in PCa cells.




Figure 6 | USP8 regulates pro-apoptotic proteins and upregulates the NF-κB pathway through EGFR and PI3K in PCa cells. (A) The DU145 and PC3 cells were transfected with SiUSP8 and pCMV3-USP8-overexpressing vector for 48 h. Western blotting was conducted after total protein extraction. The indicated antibodies (cleaved caspase 3 and cleaved caspase 9) were used to observe their expression. The GAPDH was utilized as a control in Western blotting. (B) The relative gray value was measured using ImageJ software and plotted on a bar diagram by GraphPad Prism. The data were standardized using GAPDH as a loading control and given as mean ± SD (n = 3, *p <0.05). (C) The DU145 and PC3 cells were treated with USP8 overexpressing plasmid and SiEGFR individually or combinedly, and for Western blotting, complete protein was obtained. Antibodies to the indicated proteins (USP8, EGFR, PI3K, IKKα, IKBα, P-IKBα, p65, P-p65) were used to detect their expression. As a control, GAPDH was employed. (D) ImageJ was used to compute the relative gray value of the blots. The results were standardized using GAPDH as a loading control (individual protein/GAPDH) and shown as mean ± SD from three replicated experiments (n = 3, *p < 0.05).





USP8 regulates NF-κB activation through EGFR and PI3K stabilization to promote PCa cell proliferation and survival

In multiple studies (29–32), the EGFR is a substrate of USP8 deubiquitination, while USP8 has been shown to enhance gastric cancer cell proliferation and metastasis via the PI3K/AKT signaling pathway (30). This current study showed that the EGFR, PI3K, and NF-κB signaling is downregulated and upregulated in PCa by USP8 silencing and overexpressing, respectively (Figure 4). Moreover, PI3K/Akt is a well-established downstream target of EGFR, which is generally activated by EGFR autophosphorylation leading to cell proliferation and growth (33–35). However, the underlining mechanism of USP8 in regulating EGFR and PI3K targeting to activate the NF-κB signaling pathway in PCa is not clearly stated yet. Therefore, this study also examined the effects of overexpressed USP8 and silenced EGFR in regulating NF-kB activation through stabilizing EGFR and PI3K.

pCMV3-USP8 significantly increased USP8 expression, whereas no changes in the USP8 expression by knockdown of EGFR were found. The highest levels of EGFR and PI3K were found upon USP8 overexpression in both PCa cell lines, which was statistically significant compared to all other study groups (Figure 6C, D). Similarly, the highest P-Akt was found upon USP8 overexpression in both PCa cell lines, which was also statistically significant compared to control and SiEGFR transfection but not to ovUSP8+SiEGFR treatment. Although the EGFR expression was found to be significantly lower in siRNA-mediated EGFR silencing and as well as in ovUSP8+SiEGFR treatment compared to control, the significantly reduced PI3K and P-Akt were only found in silenced EGFR cells, but interestingly, their expression was elevated in ovUSP8+SiEGFR treatment. Therefore, the elevated level of PI3K and P-Akt was found in both ovUSP8 and ovUSP8+SiEGFR treatment, whereas their expression was lower in the control group and SiEGFR treatment. Thereby, together with these data, it can be concluded that the elevated level of USP8 not only increases the expression of EGFR, PI3K, and P-Akt but also might increase the PI3K and P-Akt expression over EGFR silencing where the PI3K and P-Akt well established the downstream target of EGFR (Figures 6C, D).

Similar to EGFR, PI3K, and P-Akt, the highest levels of IKKα, P-IKBα, p65, and P-p65 were found upon USP8 overexpression. In contrast, their lowest expression was noticed upon EGFR silencing in DU145 and PC3 cells. The reduced IKKα, P-IKBα, p65, and P-p65 in EGFR silenced cells were found to increase significantly when the EGFR-deficit PCa cells were treated by pCMV3-USP8 (ovUSP8+SiEGFR). Additionally, IKBα was significantly lower in both ovUSP8 and ovUSP8+SiEGFR treatment compared to the control and EGFR silencing groups (Figures 6C, D). Therefore, by these findings, it can be concluded that USP8, EGFR, PI3K, and P-Akt can activate NF-κB signaling where USP8 is a regulator of EGFR, PI3K, and P-Akt in PCa cell proliferation and survival.




Discussion

USP8, a member of the largest deubiquitinase (USP) family, has been associated with the development of a variety of cancers, including breast cancer (19, 20), lung cancer (16, 36), and cervical squamous cell carcinoma (17), as previously stated. USP8 has been found to perform an oncogenic function in lung cancer and cervical squamous cell carcinoma, with high expression associated with a poor prognosis (17, 36); however, USP8 has also been found to predict improved survival in breast cancer patients (37); these data show that USP8 plays various functions in different malignancies.

This is the first time we showed that knocking down USP8 inhibited PCa cell proliferation, migration, and invasion decreasing the NF-κB signal through the suppression of EGFR and PI3K. In contrast, overexpression of USP8 resulted in strong proliferative effects, suggesting that USP8 functions as an oncogene in prostate cancer growth, survival, and metastasis. Besides, we also showed that knocking down of USP8 in PCa cells enhanced the anticancer activity of docetaxel whereas the overexpression of USP8 suppressed the docetaxel activity. Reduced E-cadherin and increased N-cadherin promote the EMT process for cancer cell migration and metastasis (38–40). Here in this study, we found that knocking down USP8 significantly inhibited the PCa cell migration by suppressing the EMT process through the increased E-cadherin and decreased N-cadherin, whereas USP8 overexpression promoted the EMT process through the decreased E-cadherin and increased N-cadherin and so thereby increased the migration of both DU145 and PC3 cells.

Knocking down USP8 downregulated the NF-κB signal by decreasing its intermediatory proteins (IKK, P-IKB, p65, and P-p65), whereas USP8 overexpression promoted the NF-κB signal by increasing its intermediatory proteins. On the other hand, the docetaxel treatment was found to promote the NF-κB signal in both DU145 and PC3 cells. Interestingly, the silencing of USP8 and docetaxel treatment attenuated the docetaxel-mediated NF-κB signal activation. In addition, the activation of the NF-κB signaling pathway was found in PCa (41) and was reported to develop docetaxel resistance in CRPC (42). Not only this, although the docetaxel treatment reduces EGFR activation by inhibiting its being phosphorylated in the presence of EGF (43), the abnormal activation, mutation, and overexpression of EGFR played a vital role in the establishment of docetaxel resistance in tumor cells as well as PCa cells (11, 44–46). In this present study, we found increased EGFR, PI3K, and NF-κB signal upon USP8 overexpression and docetaxel treatment in DU145 and PC3 cells, and knockdown of USP8 found reduced EGFR, PI3K, and NF-κB signal. Interestingly, the docetaxel-mediated upregulation of EGFR, PI3K, and NF-κB signal decreased by USP8 silencing.

It has been shown that USP8 can control the stability of EGFR via modulating intracellular transit and recycling by deubiquitination and is found overexpressed and correlated in multiple cancers (16, 25, 29, 30, 45). Byun et al. reported the USP8 silencing as a novel target to overcome gefitinib-mediated resistance in lung cancer, where gefitinib is a potent inhibitor of EGF receptor tyrosine kinase (EGFR-TKIs) (16). The previous study reported that the EGFR increase, EGFR-mediated PI3K/Akt activation, and increased NF-κB signal activation were found to develop docetaxel resistance in CRPC (11, 12, 42), whereas this present study found reduced EGFR, PI3K, and NF-κB signal by silencing USP8 in with or without docetaxel treatment (Figure 4A). Therefore, the inhibition of USP8 might be a novel therapeutic target to inhibit PCa cell growth, proliferation, and metastasis and overcome docetaxel-mediated resistance in CRPC by suppressing EGFR, PI3K, and NF-kB signals.

One of the critical characteristics of tumor cells is their ability to avoid programmed death, known as apoptosis. As a result, encouraging tumor cell death might be an efficient way to slow tumor development. USP8 inhibited extrinsic apoptosis in HeLa cells through the long isoform of FLICE-like inhibitory protein (FLIPL) deubiquitylation and stabilization, where FLIPL is a critical apoptosis regulator mediated by the death receptor (47). This current study also found significantly increased apoptotic PCa cells upon silencing USP8 compared to control, whereas its overexpression significantly reduced the apoptotic cells compared to control. Although the docetaxel-mediated apoptosis in PCa significantly increased when the USP8-silenced PCa cells were treated with docetaxel, the USP8 overexpression significantly suppressed the docetaxel-mediated apoptosis in both DU145 and PC3 cells. Therefore, USP8 has an anti-apoptotic activity in PCa over docetaxel treatment. Previously, it was reported that knocking down USP8 promotes apoptosis by downregulating FLIPL and upregulating cleaved Caspase 3 and cleaved Caspase 8 in HeLa cells (47). Jing et al. extended the apoptotic activity of USP8 in cholangiocarcinoma cells, where the silencing of USP8 was reported to decrease Bcl-2 expression and increase Bax, cleaved Caspase 3, and cleaved Caspase 9 expression and thereby triggering apoptosis (18).

Here, we also found significantly increased cleaved Caspase 3 and cleaved Caspase 9 by silencing USP8 whereas the opposite was found by USP8 overexpression in both DU145 and PC3 cells. Bcl-2/Bax and Caspase 9 are well-known regulators of the intrinsic apoptosis pathway, with Caspase 3 serving as the primary executor of a sequence of apoptotic actions (48). Although in HeLa cells silencing USP8 promotes death receptor-mediated extrinsic apoptosis (47), here we found that USP8 affects apoptosis in PCa via modulating the intrinsic apoptosis pathway, and its influence on extrinsic apoptosis in PCa is needed to be investigated more in the future.

EGFR has been studied as a potential target in various solid cancers, including lung, bladder, colon, breast, and head and neck carcinomas. These studies’ findings imply that drugs targeting EGFR may be helpful in slowing the development of some solid cancers (49). The EGFR overexpression and hormone-refractory actions were previously shown to be linked in PCa to progress the cells more aggressively (50). As a result, inhibition of increased EGFR expression may consider a potential therapeutic target; if not, then it might be challenging to treat a subset of PCa (51). Similar to Marks et al., we found an elevated EGFR expression in DU145 and PC3 which was severely increased upon USP8 overexpression and docetaxel treatment, whereas silencing USP8 significantly reduced EGFR expression and thereby decreased NF-kB signal activation. We also used EGFR-specific siRNA and found decreased NF-kB signal activation considerably. Still, the overexpression of USP8 significantly attuned to the effects of EGFR silencing in PCa. This might be due to the increased level of PI3K and P-Akt by USP8 overexpression. Although the decreased PI3K and P-Akt levels were found by silenced EGFR, the overexpressed USP8 was shown to increase PI3K/P-Akt expression over EGFR silencing and thereby increase the NF-kB signal activation (Figure 7).




Figure 7 | Role of USP8 in prostate cancer. USP8 stabilizes both EGFR and PI3K, which leads to elevation in the expression of IKKα. The elevated IKKα phosphorylates IkBα and dissociates p65 from IkBα and is translocated into the nucleus acting as a transcription factor that activates the NF-kB signaling pathway, thereby increasing prostate cancer cell growth and survival as well as prostate cancer cell migration and invasion by increasing N-cadherin and decreasing E-cadherin, and suppressing prostate cancer cell apoptosis by decreasing cleaved caspase 3 and cleaved caspase 9.



The link between dysfunctional PI3K/Akt activity and cancer development is widely established. PI3K was reported as the most often activated growth factor pathway in androgen-dependent LNCaP PCa cells (52). Lung cancer (53), leukemia (54), breast cancer (55), and melanomas (56) were found in the direct implication of PI3K activity for tumor progression. Additional data support that Akt, a downstream kinase of PI3K, is also responsible for cell malignancy and hormone resistance development (57). Activated Akt can interfere with the production and control of hormone receptor reactions, making hormone ablation therapy ineffective (58).

Several studies have shown that EGFR overexpression or unregulated activation is linked to PCa development in vivo (59). It was also reported that the EGFR has been linked to developing resistance against anticancer drugs (60, 61). The increased expression of EGFR in cancer cells was a significant factor in the development of chemo-resistance (44, 45). The action of EGFR was found to increase significantly in both human primary PCa cells and CRPC cells (62). Our data showed that expressions of EGFR, PI3K, and P-Akt were significantly higher in DU145 and PC3 cells and docetaxel treatment increased them severely to upregulate the NF-kB signal. In contrast, the USP8-specific siRNA reduced EGFR and PI3K, suppressing the NF-kB signal. The disruption of EGFR by inhibiting UP8 was reported to overcome gefitinib resistance in lung cancer (16). Our findings showed that docetaxel initially promoted considerable EGFR expression in PCa, and USP8 silencing suppressed the docetaxel-mediated increment of EGFR.

Interestingly, we also showed that the silenced EGFR-mediated NF-kB signal suppression was significantly attenuated by USP8 overexpression through stabilization of PI3K. Therefore, USP8 regulates NF-kB signal activation by not only stabilizing EGFR but also stabilizing PI3K. In docetaxel-resistant PCa cells, the chemoresistant action of EGFR is activated by ABCB1 expression via an Akt-dependent route (11), and it was also suggested that the activated PI3K/Akt pathway-mediated upregulation of multidrug resistance protein-1 (MRP-1; ABCC1) might promote the formation of chemoresistant cells in progressive PCa (23). As USP8 silencing significantly inhibited the PCa cell growth, proliferation, and metastasis and induced apoptosis and suppressed NF-kB signal activation by decreasing EGFR and PI3K, the USP8-specific inhibitor might be a novel therapeutic target to suppress PCa cell growth, proliferation, and metastasis. Moreover, the USP8 inhibitor combined with docetaxel treatment might also be effective in overcoming EGFR and PI3K/Akt-mediated docetaxel resistance in CRPC.

Our research findings are the first to show the role and molecular mechanism of USP8 in PCa cells involving docetaxel, EGFR, and PI3K-mediated NF-kB signaling pathway. These findings were in line with several previous studies showing that overexpression of USP8 played an important role in suppressing docetaxel antitumor ability and might be one of the reasons to develop docetaxel resistance through upregulating EGFR, PI3K, P-Akt, and NF-kB signaling pathway. These findings are shown mainly based on an in vitro experiment with docetaxel-sensitive PCa cell lines. Thereby, it is needed to carry on the experiment in docetaxel-resistant prostate cancer in vitro and in vivo to establish USP8 as a therapeutic target for not only prostate cancer but also docetaxel-resistant prostate cancer.



Conclusion

By the above findings, the current study concluded that USP8 is a crucial regulator of the NF-kB signaling pathway. USP8 silencing significantly inhibits PCa cell growth, survival, and migration and promotes apoptosis by increasing cleaved Caspase 3 and cleaved Caspase 9. This study also shows that USP8 overexpression promotes PCa cell growth, survival, and migration and suppresses apoptosis. Together with these findings, it suggests USP8 as a considerable target for PCa therapeutics. Interestingly, our study also reports that USP8 silencing enhances docetaxel’s anticancer activity in PCa by suppressing EGFR and PI3K-mediated NF-kB signal activation. It also shows that USP8 overexpression suppresses docetaxel’s activity, thereby increasing EGFR and PI3K-mediated NF-kB signal activation. As the elevated EGFR, PI3K/Akt, and NF-kB activation is considered for the possible causes of developing chemoresistance/docetaxel resistance in cancer cells so USP8 silencing might also be a thinkable way to overcome docetaxel resistance for PCa. Therefore, it can state that USP8 may be considered a novel target for future experiments exploring elaborate mechanisms and interactions among the upstream and downstream proteins or signaling pathways involved in tumor growth, aggressiveness, and metastasis. Moreover, this in vitro study provides significant findings for a combination treatment of silenced USP8 and docetaxel in PCa therapeutics and to overcome docetaxel-mediated chemoresistance, which may guide to proceed future animal model experiments to establish USP8 as a clinically potential therapeutic agent for PCa.
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