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Introduction: Prostate cancer (PCa) is dependent on coupled androgen-androgen receptor (AR) signaling for growth and progression. Significant efforts have been made in this research field, as hormonal therapies have greatly improved the survival of patients with metastatic PCa (mPCa). The drug treatment agent JQ1, which potently abrogates bromodomain 4 (BRD4) localization to the AR target loci and therefore significantly impairs AR-mediated gene transcription, is a potent therapeutic option for patients with advanced PCa. In this study, we aimed to investigate the inhibitory effect of JQ1 combined with docetaxel on PCa cells in vitro for the first time. Furthermore, the 3D spheroid culture system was modeled to more accurately simulate the response of PCa cells to drugs.
Methods: We established and measured 3D LNCaP spheroids in vitro in order to evaluate the susceptibility of 2D- and 3D-cultured LNCaP cells exposed to the same anti-cancer drug.
Results: We demonstrated that JQ1 was an effective drug for promoting cell inhibition after docetaxel treatment in 2D- and 3D- cultured LNCaP cells. Inhibition of 3D cultured formation in the combined treatment group was significantly higher than that in docetaxel or JQ1 alone. Under the same conditions of drug solubility, the drug resistance of 3D spheroids was significantly higher than that of 2D cells. Moreover, dmax and lg volume were suitable parameters for LNCaP cells/spheroid size displaying and evaluating cell viability.
Conclusion: 3D cultured spheroids of PCa are an effective tool for studying PCa drug trials. JQ1 combined with docetaxel may be an effective treatment for advanced PCa. This combination therapy strategy deserves further evaluation in clinical trials.
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INTRODUCTION
Prostate cancer (PCa) remains the most prevalent cancer in men globally, with approximately 1.6 million newly diagnosed cases and 366,000 deaths each year (Pernar et al., 2018). PCa was once considered a common malignancy in elderly males, while recent studies have shown that the incidence of PCa in young males is significantly increasing (Bleyer et al., 2020). This indicates that the global burden of PCa may become more substantial in the future.
PCa is unique in its dependence on the androgen receptor (AR) signaling pathway for growth and progression (Lim et al., 2020). As such, androgen deprivation therapy (ADT) has been considered the backbone of treatment for advanced and metastatic PCa (Nader et al., 2018). During the initial treatment course, most patients with PCa respond well to medical castration. However, almost all non-early stage PCa patients become castration-resistant over time and develop advanced PCa of castration-resistant PCa (CRPC) or metastatic CRPC (mCRPC), wherein PCa cells develop mechanisms to proliferate despite castrate levels of testosterone (Lim et al., 2020). Although two next-generation hormonal drugs abiraterone (Stein et al., 2012) and enzalutamide (Scher et al., 2012) have been found to significantly improve the outcome of mCRPC, the durable responses were limited (Khalaf et al., 2019).
In contrast, docetaxel is the first chemotherapy agent to extend the overall survival of patients with mCRPC (Tannock et al., 2004). Several studies have also reported significant synergistic effects of docetaxel combined with estradiol or other drugs on advanced PCa (Figg et al., 2007; Tombal, 2007; Dahmani et al., 2010; Kuramoto et al., 2013; Jain et al., 2015). Recently, a new small molecule that functions downstream of AR, JQ1, has provided a new strategy for advanced PCa treatment (Zhang et al., 2017). Compared with hormonal drugs, JQ1 more potently abrogates bromodomain and extra-terminal (BET) localization to AR target loci and inhibits AR-mediated gene transcription (Asangani et al., 2014). Moreover, the effects of JQ1 have been shown to be synergistically amplified by the addition of docetaxel in vitro and in vivo in esophageal adenocarcinoma (Song et al., 2020). These results suggest that JQ1 combined with docetaxel may improve the therapeutic effect for advanced PCa. Therefore, in this study, we aimed to investigate the inhibitory effect of JQ1 combined with docetaxel on PCa cells in vitro for the first time, and a 3D spheroid culture system was modeled to more accurately simulate the response of PCa cells to drugs.
METHODS
Cells Culture and Reagents
The LNCaP cell line was kindly gifted from the Urology Department of Charité Campus Mitte. All the cells were cultured under sterile conditions in a humidified incubator with 5% CO2 at 37°C (Thermo Scientific; Massachusetts, United States), and were maintained in RPMI 1640 medium (Gibco; Texas, United States) supplemented with 10% fetal bovine serum (Gibco; Texas, United States) and 1% penicillin and streptomycin (stock 10,000 μg/ml each) (Life Technologies; New York, United States) according to the complete growth medium described on the ATCC website.
3D Embedded Cells/Spheroids Culture
The 3D cultured LNCaP cells/spheroids were initiated from 2D cultured LNCaP cells. From the third passage after cell thawing, a certain number of 2D cultured LNCaP cells were resuspended in Matrigel Matrix (Corning, New York, United States) and plated into the center of each well. Growth medium was exchanged every 3 days for cells seeded in 24 well plates (Corning; New York, United States), and half exchange of medium was applied to cells seeded in 96-well plates (Corning, New York, United States) every second day.
Drug Preparation and Treatment
The agents were freshly prepared before the treatment experiments in the growth medium. The medium with a single agent was prepared as follows: 1) docetaxel (AbCam; Cambridge, United Kingdom) at final concentrations of 0.25 nM, 0.5, 1, 2, 4 nM, 8 and 16 nM; 2) JQ1 (Cayman Chemical, United States) at final concentrations of 8, 16, 32, 64, 128, and 256 nM. The medium of the mixture was prepared as follows: 1) 1 nM docetaxel combined with 128 nM JQ1; 2) 2 nM docetaxel combined with 128 nM JQ1). Culture medium without any agent was used as the negative control. The prepared medium was gently added to the cells (1 ml/well for 24 well plate, 200 ul/well for 96-well plate), and was changed every 3 days. The growth of cells or spheroids was observed using a TCS SPE confocal system microscope (Leica, Germany).
Drug Interaction Testing by Checkerboard Assay
Checkerboard assays were used to determine the pairwise interactions between JQ1 and docetaxel. Serial 2-fold dilutions starting at 64/32 times the lowest drug concentration of the test agent were prepared and plated in 96-well clear plates (Corning, New York, United States) in the horizontal and vertical directions, respectively. Checkerboard results were assessed visually, with 100% inhibition as the endpoint. The initial determination of interactions between JQ1 and docetaxel used an abbreviated diagonal-sampling checkerboard method (Cokol-Cakmak and Cokol, 2019).
Cell Viability Analysis
The CellTiter Glo assay (Promega, Wisconsin, United States) was performed to examine cell viability 5 days after the beginning of the treatment according to the manufacturer’s instructions using a VICTOR Nivo Multimode Microplate Reader.
Characterization of Spheroids
Spheroids were imaged twice a week and later analyzed for their volume, log10 volume (lg volume), and long diameter (dmax). According to the literature (Berrouet et al., 2020a), the LNCaP spheroid volume was calculated as V = π × dmax × dmin2/6.
Statistics
The normality tests of LNCaP cells/spheroid size were analyzed using GraphPad Prism 8 (GraphPad Software; CA, United States) software, including frequency distribution and Gaussian distribution (D’Agostino-Pearson omnibus normality test). The line charts and violin plots of spheroid parameters (dmax, lg volume) were plotted using GraphPad Prism 8 software, as well as the unpaired t-tests of the spheroid formation parameters.
RESULTS
Establishment and Measurement of 3D LNCaP Spheroids
A diagram indicating the process for establishing 3D LNCaP spheroids is shown in Figure 1A. The spheroids were initiated from single cells, the formation of LNCaP spheroids was observed from the seventh day, and the spheroid size increased over time (Figure 1A). To measure the continuous changes in the spheroids, we used three parameters (dmax, volume, and lg volume) to describe the size of the spheroids. Among these three parameters, the dmax and lg volumes can better reflect the size change of LNCaP spheroids and were selected to evaluate subsequent drug trials (Figure 1B).
[image: Figure 1]FIGURE 1 | Schematic of spheroids culture procedure and the formation of LNCaP spheroids. (A) Schematic of spheroids culture procedure and the images of LNCaP spheroids at different timepoints. (B) The violin plots of 3D embedded LNCaP cells/spheroids based on dmax/volume/lg volume.
Drug Interaction Testing of JQ1 Combined With Docetaxel
The diagonal method was used to evaluate whether different concentrations of JQ1 could enhance the inhibition of docetaxel. We found that JQ1 significantly enhanced the cell inhibition of docetaxel compared with docetaxel alone at 128 and 256 nM solubility (Figure 2A). We next tested the spheroid formation exposed to varying concentrations of docetaxel and JQ1 for 14 days and found that the formation of LNCaP spheroids could be inhibited when exposed to docetaxel concentrations higher than 1 nM or JQ1 concentrations higher than 128 nM (Figure 2B).
[image: Figure 2]FIGURE 2 | Drug interaction testing of JQ1 combined with docetaxel. (A) The cell viability of 2D-cultured LNCaP cells exposed to varying docetaxel concentrations and a fixed concentration of JQ1 (8 nM/16 nM/32 nM/64 nM/128 nM/256 nM). (B) The LNCaP spheroids formation exposed to varying docetaxel/JQ1 concentrations for 14 days.
Cell Viability Analysis of 2D Cells and 3D Spheroids Treated With Drugs
Based on the initial screening of the above drug solubility, we next analyzed the cell viability of 2D cells and 3D spheroids exposed to JQ1 and docetaxel. In both 2D and 3D cell cultures, the inhibition of cell activity was significantly increased in the JQ1 combined docetaxel group compared to JQ1 or docetaxel treatment alone (Figures 3A,B). Interestingly, compared with JQ1 combined with 1 nM docetaxel, JQ1 combined with 2 nM docetaxel did not significantly increase the inhibition of cell activity, suggesting that JQ1 combined with docetaxel could reduce the solubility of docetaxel (Figure 3C). In addition, the drug resistance of 3D spheroids was significantly higher than that of 2D cells in the 2 nM docetaxel combined with 128 nM JQ1 group (p = 0.0117, Figure 3D).
[image: Figure 3]FIGURE 3 | Cell viability analysis of 2D cells and 3D spheroids treated with drugs. (A) The images and cell viability of 2D LNCaP cells exposed to 1 nM/2 nM docetaxel and 128 nM JQ1 alone or in combination. (B) The images and cell viability of 3D LNCaP cells exposed to 1 nM/2 nM docetaxel and 128 nM JQ1 alone or in combination. (C) The cell viability of 2D/3D-embedded cultured LNCaP cells exposed to 1 nM/2 nM docetaxel combined with 128 nM JQ1. (D) The cell viability of 2D/3D-embedded cultured LNCaP cells exposed to 128 nM JQ1 combined with 1 nM/2 nM docetaxel.
Formation Characteristic Analysis of 3D LNCaP Spheroids Treated With Drugs
The 3D spheroid reduces the drug’s contact area compared to 2D cells, but better reflects the physical conditions of the tumor in vitro. We then analyzed the formation characteristics of 3D LNCaP spheroids in different drug treatment groups. As shown in Figure 4A, JQ1 with docetaxel inhibited 3D LNCaP spheroid formation compared to JQ1 or docetaxel treatment alone. According to the above test, the dmax and lg volume data were further collected from 100 3D LNCaP spheroids of each group, and the frequency distributions and D’Agostino-Pearson omnibus normality tests showed that all the dmax and lg volume data were normally distributed (Figure 4B and Table 1).
[image: Figure 4]FIGURE 4 | Formation characteristic analysis of 3D LNCaP spheroids treated with drugs. (A) The image of the median LNCaP spheroids exposed to 0.5 nM of docetaxel and 128 nM of JQ1 alone or in combination. (B) Histogram of dmax and the lg volume of LNCaP spheroids exposed to 0.5 nM of docetaxel and 128 nM of JQ1 alone or in combination. (C) The violin plot of the LNCaP spheroids distribution (according to dmax and the lg volume of LNCaP spheroids). (D). The numbers of LNCaP spheroids bigger than the median spheroids in NC group (according to dmax and lg volume).
TABLE 1 | The results of the normality tests for LNCaP spheroids exposed to docetaxel/JQ1 for 14 days.
[image: Table 1]The unpaired tests showed that the median values of dmax and lg volume of LNCaP spheroids exposed to the combination treatment were significantly smaller than the dmax and lg volume for the single agent treated group and the untreated (NC) group (p < 0.0001, respectively, Figure 4C). We also calculated the number of LNCaP spheroids larger than the median value of dmax and lg volume in the NC group and found that the number of LNCaP spheroids larger than the NC median exposed to the combination treatment group was significantly less than that in the docetaxel, JQ1, and NC groups (Figure 4D).
DISCUSSION
Since Prof. Huggins and Hodges first discovered the hormonal dependence of PCa in 1941 (Huggins and Hodges, 1941), hormonal therapy has become the backbone of metastatic prostate cancer treatments. A variety of strategies focusing on blocking androgen-AR signaling are available to treat PCa, and most have been shown to induce significant tumor regression and normalize serum PSA levels (Lochrin et al., 2014). However, almost all patients with mPCa are resistant to hormonal therapy and progress to mCRPC. Deregulated androgen-AR signaling, such as AR amplification, mutation, and altered pathways, can drive CRPC progression (Holzbeierlein et al., 2004). PCa cells may develop resistance after different hormone treatments; thus, new non-AR-dependent treatment strategies should be explored in the future.
BET-inhibitors have rapidly developed in recent years, and some have already entered clinical trials (Alqahtani et al., 2019). BET inhibitors induce cytostatic rather than cytotoxic effects, which indicates that the combination with other drugs might be a better choice in cancer treatment (Pervaiz et al., 2018). JQ1, the groundbreaking BET-inhibitor drug, is a new and effective treatment strategy for patients with mPCa. JQ1 is a potent small-molecule inhibitor of BRD4 that has been shown to reduce the transcription of AR target genes (Seton-Rogers, 2014). It can also reduce the proliferation of PCa cells and organoids with known AR mutations, AR amplification, and AR-V7 expression (Welti et al., 2018). JQ1 is thought to be a potential novel PCa therapy to overcome aberrant AR signaling and improve the outcome of patients beyond current PCa treatments (Welti et al., 2018). However, new literature also showed that JQ1 could promote PCa invasion and metastasis in a BET protein-independent manner when PCa cell growth is inhibited (Wang et al., 2020). Docetaxel is an effective anti-cancer cytotoxic drug agent for patients with mPCa. It has been suggested that the effects of JQ1 could be synergistically amplified by docetaxel addition both in vitro and in vivo in esophageal adenocarcinoma (Song et al., 2020). On the other hand, this synergistic amplification was not observed when docetaxel was combined with a BRD4-proteolysis targeting chimeric in breast cancer (Noblejas-López et al., 2019).
Our study performed drug testing experiments based on 2D and 3D preclinical models, which showed that the cell growth inhibition by combinational treatment (JQ1 and docetaxel) was significantly higher than that of each treatment alone. The same tendency was also observed for LNCaP spheroid formation. For the first time, we showed that JQ1 and docetaxel are potential combination therapies for patients with PCa.
2D cell culture was introduced as a tool for anti-cancer drug screening in the 1950s (Eagle and Foley, 1958) and has since become an essential part of preclinical drug discovery. 2D-cultured cells are grown as a monolayer, providing a flat “full-on-display” structure, which is different from cells in vivo. 2D drug testing experiments showed greater sensitivity than 3D-cultured cells and PDX models. This is one crucial reason why the success rate of novel anti-cancer drugs selected by 2D preclinical models might be so low in clinical trials (Hay et al., 2014; Stock et al., 2016). PDX models and 3D-cultured cells provide more in vivo-like preclinical models that better mirror in vivo responses (Duval et al., 2017), but the efficiency of PCa PDX/organoid establishment has been relatively low. Spheroids established from suitable PCa cell lines are another effective preclinical model for anticancer drug screening.
Drug-dose-response curves are still widely used to measure anti-cancer drug sensitivity, but they are developed based on drug testing work in 2D monolayer cultured cells. IC50 values were shown to be an imperfect index in 3D drug testing experiments (Berrouet et al., 2020a), indicating that a new evaluation system should be established for spheroids and organoids. In this study, we performed different experiments using 3D embedded-cultured spheroids. We found that dmax and lg volume were suitable parameters for LNCaP cells/spheroid size displaying and evaluating cell viability. They should also become suitable indices to assess the efficacy of anti-cancer drug treatment by inhibiting spheroid formation.
This study has some limitations. First, we only investigated the potential combination treatment for PCa. Further projects should systematically explore if this drug combination (JQ1 and docetaxel) is synergistic (such as miniaturized checkerboard assays). In addition, the molecular mechanisms underlying this potential synergistic effect should also be investigated.
CONCLUSION
3D cultured spheroid of PCa is an effective tool to study PCa drug trials. JQ1 combined with docetaxel may be an effective treatment for advanced PCa.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Experiments, data acquisition, and data analysis: YX and DP. Conception and Design: UK, RS, DZ, and GP. Manuscript writing: YX, ZC, and AZ. Manuscript revision: UK, AZ, YC, and GP. All authors read and approved the manuscript.
FUNDING
This work was supported by grants from the Natural Science Foundation of Zhejiang Province (LQ20H160007) and ZAST International Medical Cooperation Program, which provided the living expenses for the first author to study in Comprehensive Cancer Center, Charité–Universitätsmedizin Berlin.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Urology Department of Charité Campus Mitte provided the LNCaP cell line for this study.
REFERENCES
 Alqahtani, A., Choucair, K., Ashraf, M., Hammouda, D. M., Alloghbi, A., Khan, T., et al. (2019). Bromodomain and Extra-terminal Motif Inhibitors: A Review of Preclinical and Clinical Advances in Cancer Therapy. Future Sci. OA 5 (3), FSO372. doi:10.4155/fsoa-2018-0115
 Asangani, I. A., Dommeti, V. L., Wang, X., Malik, R., Cieslik, M., Yang, R., et al. (2014). Therapeutic Targeting of BET Bromodomain Proteins in Castration-Resistant Prostate Cancer. Nature 510 (7504), 278–282. doi:10.1038/nature13229
 Berrouet, C., Dorilas, N., Rejniak, K. A., and Tuncer, N. (2020a). Comparison of Drug Inhibitory Effects (IC50) in Monolayer and Spheroid Cultures. Bull. Math. Biol. 82 (6), 68. doi:10.1007/s11538-020-00746-7
 Bleyer, A., Spreafico, F., and Barr, R. (2020). Prostate Cancer in Young Men: An Emerging Young Adult and Older Adolescent challenge. Cancer 126 (1), 46–57. doi:10.1002/cncr.32498
 Cokol-Cakmak, M., and Cokol, M. (2019). Miniaturized Checkerboard Assays to Measure Antibiotic Interactions. Methods Mol. Biol. 1939, 3–9. doi:10.1007/978-1-4939-9089-4_1
 Dahmani, A., de Plater, L., Guyader, C., Fontaine, J. J., Berniard, A., Assayag, F., et al. (2010). A Preclinical Therapeutic Schedule Optimizing Docetaxel Plus Estramustine Administration in Prostate Cancer. Anticancer Drugs 21 (10), 927–931. doi:10.1097/CAD.0b013e32833db887
 Duval, K., Grover, H., Han, L. H., Mou, Y., Pegoraro, A. F., Fredberg, J., et al. (2017). Modeling Physiological Events in 2D vs. 3D Cell Culture. Physiology (Bethesda) 32 (4), 266–277. doi:10.1152/physiol.00036.2016
 Eagle, H., and Foley, G. E. (1958). Cytotoxicity in Human Cell Cultures as a Primary Screen for the Detection of Anti-tumor Agents. Cancer Res. 18 (9), 1017–1025.
 Figg, W. D., Li, H., Sissung, T., Retter, A., Wu, S., Gulley, J. L., et al. (2007). Pre-clinical and Clinical Evaluation of Estramustine, Docetaxel and Thalidomide Combination in Androgen-independent Prostate Cancer. BJU Int. 99 (5), 1047–1055. doi:10.1111/j.1464-410X.2007.06763.x
 Hay, M., Thomas, D. W., Craighead, J. L., Economides, C., and Rosenthal, J. (2014). Clinical Development success Rates for Investigational Drugs. Nat. Biotechnol. 32 (1), 40–51. doi:10.1038/nbt.2786
 Holzbeierlein, J., Lal, P., Latulippe, E., Smith, A., Satagopan, J., Zhang, L., et al. (2004). Gene Expression Analysis of Human Prostate Carcinoma during Hormonal Therapy Identifies Androgen-Responsive Genes and Mechanisms of Therapy Resistance. Am. J. Pathol. 164 (1), 217–227. doi:10.1016/S0002-9440(10)63112-4
 Huggins, C., and Hodges, C. V. (1941). Studies on Prostate Cancer I. Effects of Castration, Estrogen, and Androgen Injection on Serum Phosphatases in Metastatic Prostate Carcinoma Cancer. Res 1, 293–297. 
 Jain, S., Spandana, G., Agrawal, A. K., Kushwah, V., and Thanki, K. (2015). Enhanced Antitumor Efficacy and Reduced Toxicity of Docetaxel Loaded Estradiol Functionalized Stealth Polymeric Nanoparticles. Mol. Pharm. 12 (11), 3871–3884. doi:10.1021/acs.molpharmaceut.5b00281
 Khalaf, D. J., Annala, M., Taavitsainen, S., Finch, D. L., Oja, C., Vergidis, J., et al. (2019). Optimal Sequencing of Enzalutamide and Abiraterone Acetate Plus Prednisone in Metastatic Castration-Resistant Prostate Cancer: a Multicentre, Randomised, Open-Label, Phase 2, Crossover Trial. Lancet Oncol. 20 (12), 1730–1739. doi:10.1016/S1470-2045(19)30688-6
 Kuramoto, T., Inagaki, T., Fujii, R., Sasaki, Y., Nishizawa, S., Nanpo, Y., et al. (2013). Docetaxel in Combination with Estramustine and Prednisolone for Castration-Resistant Prostate Cancer. Int. J. Clin. Oncol. 18 (5), 890–897. doi:10.1007/s10147-012-0463-z
 Lim, S. C., Jansson, P. J., Assinder, S. J., Maleki, S., Richardson, D. R., and Kovacevic, Z. (2020). Unique Targeting of Androgen-dependent and -independent AR Signaling in Prostate Cancer to Overcome Androgen Resistance. FASEB J. 34 (9), 11511–11528. doi:10.1096/fj.201903167R
 Lochrin, S. E., Price, D. K., and Figg, W. D. (2014). BET Bromodomain Inhibitors-Aa Novel Epigenetic Approach in Castration-Resistant Prostate Cancer. Cancer Biol. Ther. 15 (12), 1583–1585. doi:10.4161/15384047.2014.962297
 Nader, R., El Amm, J., and Aragon-Ching, J. B. (2018). Role of Chemotherapy in Prostate Cancer. Asian J. Androl. 20 (3), 221–229. doi:10.4103/aja.aja_40_17
 Noblejas-López, M. D. M., Nieto-Jimenez, C., Burgos, M., Gómez-Juárez, M., Montero, J. C., Esparís-Ogando, A., et al. (2019). Activity of BET-Proteolysis Targeting Chimeric (PROTAC) Compounds in Triple Negative Breast Cancer. J. Exp. Clin. Cancer Res. 38 (1), 383. doi:10.1186/s13046-019-1387-5
 Pernar, C. H., Ebot, E. M., Wilson, K. M., and Mucci, L. A. (2018). The Epidemiology of Prostate Cancer. Cold Spring Harb Perspect. Med. 8 (12), a030361. doi:10.1101/cshperspect.a030361
 Pervaiz, M., Mishra, P., and Günther, S. (2018). Bromodomain Drug Discovery - the Past, the Present, and the Future. Chem. Rec. 18 (12), 1808–1817. doi:10.1002/tcr.201800074
 Scher, H. I., Fizazi, K., Saad, F., Taplin, M. E., Sternberg, C. N., Miller, K., et al. (2012). Increased Survival with Enzalutamide in Prostate Cancer after Chemotherapy. N. Engl. J. Med. 367 (13), 1187–1197. doi:10.1056/NEJMoa1207506
 Seton-Rogers, S. (2014). Prostate Cancer: BETting on Epigenetic Therapy. Nat. Rev. Cancer 14 (6), 384–385. doi:10.1038/nrc3750
 Song, S., Li, Y., Xu, Y., Ma, L., Pool Pizzi, M., Jin, J., et al. (2020). Targeting Hippo Coactivator YAP1 through BET Bromodomain Inhibition in Esophageal Adenocarcinoma. Mol. Oncol. 14 (6), 1410–1426. doi:10.1002/1878-0261.12667
 Stein, M. N., Goodin, S., and Dipaola, R. S. (2012). Abiraterone in Prostate Cancer: A New Angle to an Old Problem. Clin. Cancer Res. 18 (7), 1848–1854. doi:10.1158/1078-0432.CCR-11-1805
 Stock, K., Estrada, M. F., Vidic, S., Gjerde, K., Rudisch, A., Santo, V. E., et al. (2016). Capturing Tumor Complexity In Vitro: Comparative Analysis of 2D and 3D Tumor Models for Drug Discovery. Sci. Rep. 6 (1), 28951. doi:10.1038/srep28951
 Tannock, I. F., de Wit, R., Berry, W. R., Horti, J., and Pluzanska, A. TAX 327 Investigators (2004). Docetaxel Plus Prednisone or Mitoxantrone Plus Prednisone for Advanced Prostate Cancer. N. Engl. J. Med. 351 (15), 1502–1512. doi:10.1056/NEJMoa040720
 Tombal, B. (2007). Docetaxel and beyond. Eur. Urol. 51 (5), 1159–1161. doi:10.1016/j.eururo.2007.01.007
 Wang, L., Xu, M., Kao, C. Y., Tsai, S. Y., and Tsai, M. J. (2020). Small Molecule JQ1 Promotes Prostate Cancer Invasion via BET-independent Inactivation of FOXA1. J. Clin. Invest. 130 (4), 1782–1792. doi:10.1172/JCI126327
 Welti, J., Sharp, A., Yuan, W., Dolling, D., and Nava Rodrigues, D. International SU2C/PCF Prostate Cancer Dream Team (2018). Targeting Bromodomain and Extra-terminal (BET) Family Proteins in Castration-Resistant Prostate Cancer (CRPC). Clin. Cancer Res. 24 (13), 3149–3162. doi:10.1158/1078-0432.CCR-17-3571
 Zhang, P., Wang, D., Zhao, Y., Ren, S., Gao, K., Ye, Z., et al. (2017). Intrinsic BET Inhibitor Resistance in SPOP-Mutated Prostate Cancer Is Mediated by BET Protein Stabilization and AKT-mTORC1 Activation. Nat. Med. 23 (9), 1055–1062. doi:10.1038/nm.4379
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 © 2022 Xu, Pachnikova, Przybilla, Schäfer, Cui, Zhou, Chen, Zhao and Keilholz. 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.
OPS/images/fphar-13-839620-t001.jpg
Group i Ig volume

D'Agostino-Pearson omnibus  P-value Passed normality D'Agostino-Pearson omnibus  P-value Passed normality

(K2) test (alpha = 0.05) (K2) test (alpha = 0.05)
NC 1.761 0.4145 Yes 2836 0.2422 Yes
Docetaxel 5.019 0.0813 Yes 213 0.3447 Yes
Ja1 1.46 0.4819 Yes 0.1604 0.9229 Yes

Combination 02779 0.8703 Yes 08124 0.6662 Yes





OPS/images/fphar-13-839620-g003.gif





OPS/images/fphar-13-839620-g004.gif
LL

! i
22

N
N
H





OPS/xhtml/nav.xhtml
Contents

		Cover

		Evaluation of JQ1 Combined With Docetaxel for the Treatment of Prostate Cancer Cells in 2D- and 3D-Culture Systems		Introduction

		Methods		Cells Culture and Reagents

		3D Embedded Cells/Spheroids Culture

		Drug Preparation and Treatment

		Drug Interaction Testing by Checkerboard Assay

		Cell Viability Analysis

		Characterization of Spheroids

		Statistics





		Results		Establishment and Measurement of 3D LNCaP Spheroids

		Drug Interaction Testing of JQ1 Combined With Docetaxel

		Cell Viability Analysis of 2D Cells and 3D Spheroids Treated With Drugs

		Formation Characteristic Analysis of 3D LNCaP Spheroids Treated With Drugs





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Evaluation of JQ1 Combined With
Docetaxel for the Treatment of
Prostate Cancer Cells in 2D- and
3D-Culture Systems





OPS/images/fphar-13-839620-g001.gif





OPS/images/fphar-13-839620-g002.gif
H—L\\\ S

IIIIIG

I

T e T o e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





