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Treatment of prostate cancer (PCa) has changed considerably in the last decade due to the introduction of novel androgen receptor (AR)-targeted agents (ARTAs) for patients progressing on androgen deprivation therapy (ADT). Preclinical research however still relies heavily on AR-negative cell line models. In order to investigate potential differences in castration-resistant PCa (CRPC) growth, we set out to create a comprehensive panel of ARTA-progressive models from 4 androgen-responsive AR wild-type PCa cell lines and analyzed its androgen response as opposed to its ADT-progressive counterparts. Parallel cultures of VCaP, DuCaP, PC346C, and LAPC4 were established in their respective culture media with steroid-stripped fetal calf serum (FCS) [dextran-coated charcoal-stripped FCS (DCC)] without androgen (ADT) or in DCC plus 1 μM of the ARTAs bicalutamide, OH-flutamide, or RD162 (an enzalutamide/apalutamide analog). Cell growth was monitored and compared to those of parental cell lines. Short-term androgen response was measured using cell proliferation 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. qRT-PCR was performed to assess the mRNA expression of markers for AR signaling, steroidogenesis, glucocorticoid receptor (GR) signaling, epithelial-mesenchymal transition (EMT), and WNT signaling. Out of 35 parallel cultures per cell line, a total of 24, 15, 34, and 16 CRPC sublines emerged for VCaP, DuCaP, PC346C, and LAPC4, respectively. The addition of bicalutamide or OH-flutamide significantly increased CRPC growth compared to ADT or RD162. VCaP, DuCaP, and PC346C CRPC clones retained an AR-responsive phenotype. The expression of AR and subsequent androgen response were completely lost in all LAPC4 CRPC lines. Markers for EMT and WNT signaling were found to be elevated in the resilient PC346C model and CRPC derivatives of VCaP, DuCaP, and LAPC4. Although the resistant phenotype is pluriform between models, it seems consistent within models, regardless of type of ARTA. These data suggest that the progression to and the phenotype of the CRPC state might already be determined early in carcinogenesis.
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Introduction

Due to the dependency of normal prostate (1) and prostate cancer (PCa) tissue (2) on androgen receptor signaling for development and proliferation, the main treatment for metastatic PCa is androgen deprivation therapy (ADT) (3). However, the development of resistance to androgen ablation is inevitable, with all metastatic hormone-sensitive PCa (HSPC) patients developing castration-resistant PCa (CRPC), indicated by a rising serum prostate-specific antigen (PSA) or progressive disease despite castrate levels of serum androgens.

Persisting AR signaling has long since been recognized as a resistance mechanism to ADT. However, maximal androgen blockade (MAB) by addition of the antiandrogens bicalutamide (BIC) (4) or OH-flutamide (FLU) (5) to ADT has not shown a survival benefit over ADT alone. In the last decade, novel androgen receptor-targeted agents (ARTAs) have demonstrated efficacy in the treatment of CRPC and have quickly become standard of care for advanced PCa patients.

Abiraterone, an androgen synthesis inhibitor with antiandrogen properties, targets the AR by further suppression of available androgens in the tumor microenvironment (6) and has demonstrated clinical benefit in both CRPC (7, 8) and HSPC (9). Inhibiting AR via direct antagonism (10), adding enzalutamide to ADT has demonstrated clinical benefit in the treatment of metastatic PCa, both in HSPC (11, 12) and CRPC (13–15). Addition of apalutamide, an AR antagonist with similar potency as enzalutamide (16), equally demonstrated clinical benefit in CRPC (17) and HSPC (18). However, resistance to ARTA and subsequent CRPC ultimately arise, with the majority of patients requiring further systemic treatment with cytotoxic agents (19).

The traditional in vitro models considered representative of CRPC are AR-negative (PC3, DU145, and MDA PCa1), a phenomenon that remains rare in CRPC. Traditional HSPC models like LNCaP, MDA PCa2, VCaP, DuCaP, and LAPC4 are derived from PCa metastases after hormone treatment. Nevertheless, these cell lines need androgens for their optimal growth and survival and therefore are considered androgen-responsive (20–24). In vitro PCa cell lines from primary tumors such as PC346C and 22Rv1 are less common (25–27). Likely selected by the hormone treatment, 22Rv1, LNCaP, and MDA PCa2 harbor AR mutations (23, 28), while the other cell lines are AR wild type (wt) but often overexpress the AR. The PC346C cell line has been established from a xenograft from a transurethral resection of the prostate after a 4-week cyproterone acetate treatment (25). In order to establish relevant models of PC346C CRPC, we previously generated a set of CRPC clones and found that the hormonal response varied greatly between the CRPC sublines. Three different CRPC phenotypes were identified with AR amplification (PC346FLU1), AR mutation (PC346FLU2), and AR bypass (PC346DCC) (29). From these experiments, we learned that one needs to independently establish many different replicate clones to represent this broad spectrum of adaptability.

To further investigate if the AR is the dominant mechanism of CRPC in other AR wt cell lines, we set out to generate an extensive panel (5–10 replicates per condition) of CRPC clones from 4 distinct AR wt PCa cell lines (VCaP, DuCaP, PC346C, and LAPC4) by growing them in androgen-depleted medium alone (ADT) or with ARTA BIC, FLU, or RD162, an antiandrogen with a similar molecular structure and antiandrogenic efficacy as enzalutamide and apalutamide (10). Once CRPC lines were established, they were further characterized on androgen responsiveness and expression of AR, AR target genes, and a panel of genes that have previously been described as drivers of castration resistance and resistance to second-line hormonal agents in PCa. These genes include the ligand-independent AR variant V7, the steroidogenic enzymes CYP17A1, AKR1C3, and SRD5A1, the glucocorticoid receptor (GR) and its target gene SGK1, the MYC oncogene, the stem cell factor IL6, EMT markers ZEB-1 and SNAI1, and wnt-signaling genes WNT5A and WNT7B (Table 1).


Table 1 | CRPC-associated genes selected for qPCR analysis.





Materials and Methods


Original Cell Lines

PC346C (p25) was generated in our lab as described previously (25, 26) and maintained in prostate growth medium (PGM) consisting of DMEM-F12, supplemented with 2% FCS (both from Lonza, Breda, Netherlands), 1% insulin-transferrin-selenium (Gibco), 100 ng/ml fibronectin (Harbor Bio-Products, Tebu-bio, Netherlands), 20 μg/ml fetuin (ICN Biomedicals, Zoetermeer, Netherlands), 0.01% BSA, 10 ng/ml epidermal growth factor, 50 ng/ml cholera toxin, 0.1 mM phosphoethanolamine, 0.6 ng/ml triiodothyronine, 500 ng/ml dexamethasone (all from Sigma-Aldrich), 0.1 nM R1881 (Sigma), and penicillin/streptomycin antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin; Cambrex BioWhittaker). VCaP (p30) (20) (kindly provided by Dr. K.J. Pienta, Baltimore, MD, USA) and DuCaP (p52) (21) (kindly provided by Dr. J.A. Schalken, Nijmegen, Netherlands) were maintained in RPMI1640 (Lonza), supplemented with 10% FCS and penicillin/streptomycin antibiotics. LAPC4 (p49) (22) was kindly provided by Organon (Oss, Netherlands) and maintained in Iscove's Modified Dulbecco's Medium (IMDM) (Lonza), supplemented with 7.5% FCS and 10 nM R1881. Cell line authentication was performed by short tandem repeat analysis by the Promega PowerPlex 16 kit.



Selection Medium

The ADT condition consisted of each parental cell line’s respective medium, substituting FCS with dextran-coated charcoal-stripped FCS (DCC) and removal of R1881. For ARTA conditions, BIC (kindly provided by Organon), FLU (Shering Plough Research Institute), or RD162 (Axxon Medchem, Netherlands) was added to the medium at a final concentration of 1 μM. Cell culture medium was refreshed twice per week, and at 80%, confluency cells were trypsinized and passaged. Once time between passaging approximated that of parental cell lines grown in standard androgen-supplemented medium, clones were considered resistant.



Proliferation Assays

To test androgen responsiveness, cells were plated in steroid-stripped medium at 10,000 cells per well in 100-μl medium in 96-well culture plates with 8 replicates per condition. After overnight attachment, medium with R1881 and BIC, FLU, or RD162 was added with ethanol (for R1881) and dimethyl sulfoxide (DMSO) (for ARTA) as vehicle controls. Based on preliminary androgen response curves, we selected 0, 10-11, 10-10, and 10-9 M R1881 for VCaP, DuCaP, and PC346C as androgen concentration range for proliferation assays. For LAPC4, we selected 0, 10-10, 10-9, and 10-8 M. After a 9-day incubation period at 37°C and 5% O2, cell numbers were estimated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously (40).



Androgen Response Analysis

All proliferation assay results were summarized using the average MTT signal intensity for each condition relative to the MTT signal intensity at day 0. Basal growth was assessed in the absence of steroid and with vehicle control. Growth induction by increasing concentrations of R1881 was assessed relative to vehicle control. The effect of ARTA was determined relative to vehicle control at the specified amount of R1881. To group growth responses, values were log2 transformed, clustered using Cluster (version 3.0) (41) using complete linkage based on Euclidian distance, and visualized by Java TreeView (version 1.16r4) (42).



Quantitative Real-Time PCR

For qPCR, cells harvested at passaging were stored as cell pellets at -80°C until further processing. RNA was isolated using RNA-Bee (TEL-TEST, Inc., Friendswood, USA). Reverse transcriptase and qPCR runs were performed as described previously (43) using an ABI Prism 7900 Sequence Detection System under standard conditions. cDNA (20 ng) was amplified in SYBR Green PCR Master Mix (Applied Biosystems, Foster City, USA) or TaqMan Universal Master Mix (Applied Biosystems). PCR efficiency was verified by cDNA dilution curves and exceeding 90% for all assays. Gene expression was calculated as fold expression over housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and porphobilinogen deaminase (PBGD).



mRNA Expression Analysis

Relative gene expression levels were expressed as ΔCt relative to the geometric mean of housekeeping genes GAPD and PBGD. GraphPad Prism (version 9) was used to group and visualize -ΔCt values. For cluster analyses, -ΔCt values were median centered per gene and clustered using Cluster using complete linkage with Spearman Rank Correlation (version 3.0) and visualized by Java TreeView (version 1.16r4). For statistical analyses and clustering of samples, undetectable gene expression (Ct >40) was normalized to a –ΔCt of -20.



Statistical Analysis

All statistical analyses were carried out using SPSS version 26 (IBM, Armonk, NY, USA). The χ2 test was used to test the null hypothesis that overall take rates between cell lines, between ADT and ARTA, and between ADT and ARTA within each cell line were equal. For the proliferation assay analysis, a regular two-way ANOVA was used to test the null hypothesis that fold growth rates between parental and CRPC cells and between hormonal/ARTA conditions were equal. For comparison of mRNA expression levels between cell lines and culture conditions, the ΔCt values were used as input to maintain a normal distribution on a log2 scale, using a regular one-way ANOVA with a Tukey-corrected post-hoc test to test the null hypothesis that these were equal between parental cell lines and/or ADT and specified ARTA. For all tests, a p < 0.05 was considered statistically significant. To assess at what time CRPC cell growth had stabilized, 5-knot smooth splines were fitted through passage times, defined as time in days until next passage, on the y-axis and passage number on the x-axis using GraphPad Prism (version 9).




Results


Primary Cell Line and AR-Targeted Agents (ARTA) Determine the Emergence of Castration-Resistant Prostate Cancer (CRPC)

PCa cell lines VCaP, DuCaP, PC346C, and LAPC4 were long-term cultured in 5–10 independent replicates in androgen-depleted medium alone (ADT) or with ARTA BIC, FLU, or RD162. The emergence of CRPC sublines (Figure 1A) varied substantially between cell line origin and per selection condition. Overall, PC346C was more prone to generate a CRPC cell line with an overall success rate of 97% vs. 69%, 42%, and 42% for VCaP, DuCaP, and LAPC4, respectively (p < 0.0001).




Figure 1 | Success rates and cell culture dynamics of CRPC sublines. (A) Survival rate of CRPC sublines per cell line and hormonal condition. Coral sectors represent a fraction of established clones relative to attempts. Overall effect of type of ARTA (ADT vs. BIC vs. FLU vs. RD162), p < 0.0001. Overall primary cell line effect (VCaP vs. DuCaP vs. PC346C vs. LAPC4), p < 0.0001. Drug effect per cell line: VCaP, p = 0.0002; DuCaP, p = 0.0002; PC346C, p = 0.10; LAPC4, p = 0.01 (χ2 test). (B) Total passages in culture per clone until the end of the experiment or failure. † = failure to proliferate beyond the noted passage. (C) Smooth spline curves of average passage time at subsequent passages stratified per cell line and ARTA condition. Overall, passage time did not stabilize before the 10th passage. Top right numbers indicate the mean time in days until the 10th passage per ARTA condition for each cell line group. “ns” is “not significant”; “*” is “* p<0.05”; “***” is “*** p<0.001”.



Strikingly, the addition of FLU or BIC to the medium at 1 μM significantly increased the success rate of CRPC subline generation compared to castrate medium (ADT) alone (p < 0.0001). However, this effect was cell line-dependent, with PC346C showing no preference for any selective pressure, while VCaP, DuCaP, and LAPC4 showed enhanced CRPC survival in the presence of BIC or flutamide compared to either ADT or the more potent AR antagonist RD162 (Figure 1A).

The median passage number (range) for successful establishment of CRPC sublines with similar growth rates as the parental line was 21 (14–41) for VCaP, 24 (21–27) for DuCaP, 27 (23–47) for PC346C, and 20 (18–27) for LAPC4 (Figure 1B). Median total selection time was 635, 587, 508, and 589 days for VCaP, DuCaP, PC346C, and LAPC4, respectively. Median number (range) of passages to definitive failure, defined as the inability to grow after passaging, was 3 (0–9) for VCaP, 16 (0–22) for DuCaP, 2 for PC346C, and 3 (0–6) for LAPC4. Median (range) days to definitive failure were 208 (131–635) for VCaP, 404 (390–440) for DuCaP, 77 for PC346C, and 215 (56–247) for LAPC4. Of note, DuCaP sublines took significantly longer to demonstrate failure due to contamination with murine stromal cells, which is in line with a previous report (41). This made it harder to identify which flasks no longer contained viable epithelial cells (Supplementary Figure S1).

To test at what passage of CRPC subline growth rate stabilized, indicative of full adaptation to its selection medium, we plotted the average time between passages of the selection cultures against the passage number. Smooth splines fitted through these data revealed that growth rates did not stabilize before the 10th passage from initiation of treatment (Figure 1C; Supplementary Figure S2).



Primary Cell Line Dictates the Castration-Resistant Phenotype

We subsequently tested a random set of the generated CRPC cell lines for its response to ADT and ARTA. Clustering proliferation assay data revealed reproducible and cell line-specific differences in androgen response. For VCaP, DuCaP, LAPC4, and to a lesser extent PC346C, the greatest distance in AR growth response patterns was observed between parental and CRPC sublines (Figure 2A). CRPC sublines in all 4 models clustered together, with no differences in androgen response between sublines that became resistant to either ADT or ARTA with BIC, FLU, or RD162. As resistant sublines from the same cell line revealed a similar androgen response, we subsequently combined proliferation assay results of the parental and CRPC cell lines for an overall response visualization (Figure 2B).




Figure 2 | Androgen growth response and antiandrogen potency in CRPC clones. (A) Heatmap of growth response of individually tested clones. First column represents fold growth relative to day 0. Subsequent vehicle columns represent growth induction (red) or inhibition (blue) relative to no R1881/vehicle. Each column with antiandrogen (bicalutamide, OH-flutamide, RD162) represents a normalized response to the corresponding vehicle control at 1 μM ARTA in the presence of different concentrations of R1881. Gray = missing data. (B) Average proliferation for parental and CRPC clones. Average fold growth relative to day 0 in the MTT assay for parental cells (mint bars) and all CRPC cells combined (coral bars). The p value represents parental vs. CRPC in two-way ANOVA. †p < 0.05 vs. no R1881/vehicle. ‡p < 0.05 vs. vehicle control at a given amount of R1881.



Apart from all CRPC sublines showing higher proliferation rates in castrate conditions, we found marked differences in AR response for CRPC sublines from each model. The growth of VCaP CRPC sublines was stimulated at lower levels of R1881 compared to parental cells (10-11 vs. 10-10 M) and inhibited at 10-9 M R1881, with further growth induction with AR antagonists at 1 µM at 10-10 R1881 and up, implying hypersensitivity to the AR stimulus. Parental and CRPC DuCaP sublines showed growth induction with 1 µM ARTA with an optimal growth stimulus at 10-11 M. Interestingly, higher levels of R1881 (10-9 M) that were growth stimulatory for parental DuCaP showed growth inhibition in the CRPC clones. This demonstrates an increased AR hypersensitivity in CRPC sublines. In PC346C, androgens continued to induce cell growth in CRPC sublines with a similar optimum concentration of 10-10 M R1881 as observed in the parental lines. Incubation with ARTA reduced androgen-induced cell growth both in parental and CRPC sublines. However, the increased basal proliferation of CRPC sublines (compared to parental samples) in castrate conditions was virtually unaffected by ARTA, implying that castration-resistant growth was independent of AR.

LAPC4 clones revealed the largest difference between parental and CRPC clones in androgen response and response to ARTA. Parental cells could only be stimulated to grow at 10-10 and 10-9 M R1881, and this stimulus could be completely inhibited by 1 μM ARTA for the 10-10 M R1881. In contrast, the CRPC lines showed no significant growth difference between the various conditions and had no response to additional androgens or antiandrogen therapy, suggesting that LAPC4 CRPC clones all developed an AR-independent phenotype, not anymore relying on AR signaling for cell growth.

Importantly, and in contrast to our previous findings in PC346C cells treated with FLU (29), we did not observe any growth induction by the specific antiandrogens used for selection in any of the CRPC clones tested, suggesting the absence of mutations in the ligand-binding domain (LDB) of the AR that would turn these antagonists into agonists.



Differential Expression of Androgen Receptor and Drivers of Castration Resistance Between Parental Models Identifies WNT Signaling and EMT as Having Increased Expression in an Innate Castration-Resistant Model

We subsequently tested human mRNA expression of 15 genes commonly associated with castration resistance as compared to the human GAPDH and PBGD housekeeping genes (Table 1). We first compared expression levels between individual samples from different passages of parental cell lines to further elucidate a priori presence of resistance mechanisms (Figure 3A) and account for natural variance in expression levels over time. We found that, in general, the expression of these markers was similar between different passages/samples from the same cell line. Taking into account that every ΔCt (y-axis) means a 2-fold difference, differential expression between the 4 cell lines was found for AR, FKBP5, AR-V7, AKR1C3, SRD5A1, GR, SGK1, SNAI1, and WNT5A. As has been reported previously (44), the expression of AR was highest in VCaP and DuCaP. The expression of PSA was comparable for all parental cell lines. The expression of AR-V7 was highest in VCaP and lowest in LAPC4. The steroidogenic enzymes CYP17A1 and AKR1C3 were highest in VCaP, with CYP17A1 being undetectable in the other models. SRD5A1 was highest in PC346C and LAPC4. GR expression was lowest in DuCaP. GR-target gene SGK1 expression was highest in PC346C and LAPC4. All models expressed similar levels of MYC and no IL6. The expression of the EMT marker SNAI1 was highest in PC346C. The expression of WNT5A was only detectable in PC346C and LAPC4. Clustering expression levels of these markers showed a clear discrimination between the four cell lines, with the closest relation between VCaP and DuCaP, which are derived from different metastases from the same patient (Figure 3B).




Figure 3 | Summary of qPCR analysis of parental cell lines. (A) Relative expression of castration resistance-associated genes in parental samples. Summarized qPCR results for parental samples of VCaP (n = 5), DuCaP (n = 4), PC346C (n = 5), and LAPC4 (n = 4). Expression levels are -ΔCt relative to GAPDH and PBGD, meaning that every ΔCt represents a 2-fold difference. * p < 0.05, ** p < 0.01, *** p < 0.001 for Tukey post-hoc test. (B) Heatmap of clusters identified by differential gene expression of castration resistance-associated genes. Colors indicate -ΔCt vs. median, with red showing a higher expression and blue showing a lower expression. Numbers in the top row indicate median Ct for detection per gene. nd is not detected.





Expression Profile of AR, AR-V, GR, Steroidogenesis, and WNT5A in CRPC Clones

Next, we analyzed the differential expression of these 15 genes between CRPC derivatives and parental samples grouped per original cell line to elucidate resistance mechanisms per cell line.

In DuCaP and PC34C, CRPC derivatives showed increased expression of AR, while the expression of AR-V7 was enhanced in CRPC sublines of VCaP, DuCaP, and PC346C compared to parental expression levels (Supplementary Figures S3–S5). In line with the loss of AR responsiveness, the expression of AR, AR-V7, and AR target genes PSA and FKBP was lower in CRPC sublines of LAPC4 (Supplementary Figure S6). Of note, when the expression of AR-V7 was normalized to the expression of AR wt, we found an elevated expression of AR-V7 in both VCaP and PC346C CRPC sublines resistant to BIC and FLU in case of VCaP (Supplementary Figure S7). In DuCaP, AR-V7 levels did not increase relative to AR, suggesting that the differential expression of AR variants upon ADT/ARTA may occur but not in every tumor per se.

Steroidogenic enzymes CYP17A1, AKR1C3, and SRD5A1 were differentially expressed between CRPC derivatives and parental samples in VCaP and DuCaP but not in PC346C or LAPC4. In contrast, the expression of GR increased in CRPC sublines of PC346C and LAPC4 but not in VCaP or DuCaP. Markers for WNT signaling remained undetectable in VCaP and DuCaP while showing increased expression in CRPC derivatives of PC346C and LAPC4.

To elucidate whether specific types of ARTA would generate a single phenotype, we clustered the expression levels of the 15 resistance-associated genes of CRPC sublines and parental samples (Figure 4). We found that overall, parental samples grouped together in VCaP, DuCaP, and LAPC4 but mixed with CRPC samples in PC346C. In VCaP, DuCaP, and LAPC, no obvious ARTA-specific grouping was observed, while in PC346C, the greatest distance was found between FLU-resistant sublines and the other samples.




Figure 4 | Heatmap of clusters identified by differential gene expression of the 15-gene signature between parental cell lines and ARTA-resistant lines. Clockwise from top left: VCaP, DuCaP, LAPC4, and PC346C. Note that in VCaP, DuCaP, and LAPC, parental samples all have a distinct distance from resistant samples, whereas in PC346C, parental samples mix with resistant samples. In all 4 backgrounds, different types of ARTA did not lead to the rise of a specific cluster, except for OH-flutamide-resistant clones in PC346C. Colors indicate -ΔCt vs. median, with red showing a higher expression and blue showing a lower expression. Numbers in the top row indicate median Ct for detection per gene.






Discussion

In this study, we describe the creation of a total of 88 castration-resistant cell lines by long-term culture from 4 AR-expressing PC models: VCaP, DuCaP, PC346C, and LAPC4. The success rate for the creation of CRPC sublines by culturing in charcoal-stripped medium (ADT condition) or ARTA selection (ADT + BIC, FLU, or RD162) was primarily defined by the cell line origin. PC346C was most successful with the establishment of CRPC sublines in all attempts but one. This parallels our previous reports of PC346C also acquiring resistance to abiraterone, enzalutamide, and docetaxel (45, 46). In VCaP, DuCaP, and LAPC4, the chance of success was defined by the culture condition, with enhanced formation of CRPC sublines in the presence of BIC and FLU. We found profound differences of androgen response of CRPC derivatives. VCaP and DuCaP CRPC sublines showed hypersensitivity to androgens, and PC346C showed increased androgen-independent growth while maintaining androgen response at similar levels of hormone as parental samples. In contrast, LAPC4 sublines showed a complete loss of androgen responsiveness.

Although long-term culture may alter cell line behavior via random mutations due to epigenetic changes and chromosomal instability (47), CRPC sublines from a single origin all responded surprisingly similar. This suggests that the cell line origin was the main determinant of the castration-resistant phenotype, as opposed to random effects. This is an important observation: although the generation of castration-resistant derivatives may vary per type of ARTA, the subsequent behavior does not seem to differ by type of ARTA but rather by original cell line background. This parallels a recent report that in ARTA-naive LNCaP, C4-2B, and LAPC4, the immediate response to ARTA was cell line- and not ARTA-specific (48).

In contrast with our previous experience with PC346C (29), showing FLU-induced selection of both AR-overexpressing cells (PC346C-FLU1) and AR-mutant cells (PC346CFLU2), we found only overexpression of AR in the currently generated ARTA-resistant clones. However, none of the sublines showed stimulated cell growth by the respective selection drug (Figure 2), indicative that activating mutations in the LBD were not the main driver of resistance in these sublines. The enhanced survival of CRPC culture attempts with ARTA BIC and FLU over ADT alone or RD162 mimics the minimal added value of adding BIC or FLU to ADT in previous clinical trials comparing ADT to MAB (4, 5). Moreover, the reduced formation of CRPC sublines in the presence of RD162 mimics the current clinical trials that have demonstrated superiority of adding apalutamide or enzalutamide to ADT in metastatic hormone-sensitive prostate cancer (mHSPC) (12, 18).

In VCaP and DuCaP, hypersensitivity to androgens leads to growth stimulation in the presence of minute androgen levels and growth inhibition at higher levels of androgens. The potential of this paradoxal mechanism has been observed in the clinic as a PSA response after withdrawal of BIC and FLU (49) and is the basis for bipolar androgen therapy, which has shown promising results in CRCP patients both before and after enzalutamide treatment (50, 51).

Furthermore, both VCaP and DuCaP demonstrated the highest levels of AR and markers for steroid synthesis at baseline. In CRPC sublines of VCaP and DuCaP, the expression of AR, AR variants, and CYP17A1 increased, suggesting that these models remain AR-driven. Moreover, in BIC-resistant PC346C, but not FLU-resistant PC346C, the relative expression of AR-V7 also increased. Potentially, these findings may point toward (weaker) antiandrogens leading to increased expression of variants and steroidogenic enzymes and ultimately resistance. It is likely that the higher antiandrogenic potency of RD162 over BIC (10, 16) blocks the AR more potently, leading to the demise of the persistently AR-dependent VCaP and DuCaP. Alternatively, other mechanisms like the upregulation of UDP-glucuronosyltransferase enzymes by BIC and FLU, as reported in LAPC4 (52), may lead to ligand-independent AR activation via activation of kinases (53). This AR activation may in turn still be blocked by later-generation antiandrogens, as these inhibit also AR translocation to the nucleus (46), preventing target gene activation in ways other than blocking the LDB of the AR.

Parental PC346C and LAPC4 demonstrated the lowest levels of AR and enzymes for the steroid synthesis of CYP17A1 and AKR1C3. In both models, the CRPC sublines all showed enhanced AR-independent growth and unchanged to undetectable levels of enzymes for steroidogenesis. This suggests little to minimal a priori dependence on canonical AR signaling, which is further enhanced by selection with ADT and ARTA.

GR expression has been reported as a driver of enzalutamide resistance in LNCaP xenografts (32) and also in abiraterone-resistant VCaP (54). This observation was confirmed in patients with GR-positive metastases, who showed little response to enzalutamide (32). In this context, the AR-negative/GR-positive phenotype of all LAPC4 CRPC clones in our study is highly interesting. In contrast to LNCaP used in the report by Arora et al. (32), we found no restoration of PSA in LAPC4 CRPC clones by qPCR. In PC346C, ARTA-resistant sublines showed an increased expression of GR, with similar PSA mRNA levels compared to parental cells. However, both models demonstrated substantial AR-independent growth in vitro that was unaffected by RD162. This may indicate that enhanced PSA expression may well be regardless of GR status. Since the AR was suggested to be a negative transcription regulator of GR, further studies are needed to define if the GR is an active driver of resistance or a bystander effect of altered AR dependency.

PC346C—the most resilient model in terms of ability to form CRPC sublines relative to the other three—was the only cell line that had detectable and substantial expression of SNAI1 and WNT5A at baseline, with elevated expression levels in CRPC derivatives. While undetectable at baseline, SNAI1 expression became detectable in VCaP and DuCaP at progression to CRPC. In LAPC4, CRPC sublines expressed both ZEB-1 and SNAI1, while also WNT7B expression was enhanced. This warrants further interrogation of EMT and WNT signaling markers in the HSPC population if these may predict a subsequent treatment response.



Conclusion

Taken together, an important observation can be made: in our well-defined setup, the potency to become castration-resistant and the mechanism of castration resistance seem to be already defined before full resistance has occurred. If true for complex PCa biology in patients, response to hormone therapy could be comprehended up front and may identify patients who need aggressive treatment early on based on biological behavior rather than the currently surrogate measure of aggressiveness: extent of disease at diagnosis (55, 56).



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.



Author Contributions

JM, WW, and GJ contributed to conception and design of the study. JM, WT, SE, AJ-A, ND, and AR performed the experiments and collected the data. SE, AJ-A, ND, and AR organized the database. JM performed the statistical analysis. JM, WW, and GJ wrote the article. All authors contributed to article revision and read and approved the submitted version.



Funding

This project was supported by TI-Pharma grant T3-107.



Acknowledgments

We would like to thank Lizzy van den Berg for administrative support and data management.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.877613/full#supplementary-material



Abbreviations

HSPC, hormone-sensitive prostate cancer; MAB, maximal androgen blockade; PCa, prostate cancer; mPC, metastatic prostate cancer; CRPC, castration-resistant prostate cancer; AR, androgen receptor; AR-V7, androgen receptor splice variant 7; GR, glucocorticoid receptor; PSA, prostate-specific antigen; FKBP5, FK506-binding protein 5; SGK1, serum and glucocorticoid-regulated kinase 1; LBD, ligand-binding domain.



References

1. McPhaul, MJ. Androgen Receptor Mutations and Androgen Insensitivity. Mol Cell Endocrinol (2002) 198(1-2):61–7. doi: 10.1016/S0303-7207(02)00369-6

2. Tomlins, SA, Mehra, R, Rhodes, DR, Cao, X, Wang, L, Dhanasekaran, SM, et al. Integrative Molecular Concept Modeling of Prostate Cancer Progression. Nat Genet (2007) 39(1):41–51. doi: 10.1038/ng1935

3. Cornford, P, van denBergh, RCN, Briers, E, Van denBroeck, T, Cumberbatch, MG, De Santis, M, et al. EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer. Part II-2020 Update: Treatment of Relapsing and Metastatic Prostate Cancer. Eur Urol (2021) 79(2):263–82. doi: 10.1016/j.eururo.2020.09.046

4. Akaza, H, Hinotsu, S, Usami, M, Arai, Y, Kanetake, H, Naito, S, et al. Combined Androgen Blockade With Bicalutamide for Advanced Prostate Cancer: Long-Term Follow-Up of a Phase 3, Double-Blind, Randomized Study for Survival. Cancer (2009) 115(15):3437–45. doi: 10.1002/cncr.24395

5. Prostate Cancer Trialists' Collaborative Group. Maximum Androgen Blockade in Advanced Prostate Cancer: An Overview of the Randomised Trials. Lancet (2000) 355(9214):1491–8. doi: 10.1016/S0140-6736(00)02163-2

6. Taplin, ME, Montgomery, B, Logothetis, CJ, Bubley, GJ, Richie, JP, Dalkin, BL, et al. Intense Androgen-Deprivation Therapy With Abiraterone Acetate Plus Leuprolide Acetate in Patients With Localized High-Risk Prostate Cancer: Results of a Randomized Phase II Neoadjuvant Study. J Clin Oncol (2014) 32(33):3705–15. doi: 10.1200/JCO.2013.53.4578

7. de Bono, JS, Logothetis, CJ, Molina, A, Fizazi, K, North, S, Chu, L, et al. Abiraterone and Increased Survival in Metastatic Prostate Cancer. N Engl J Med (2011) 364(21):1995–2005. doi: 10.1056/NEJMoa1014618

8. Ryan, CJ, Smith, MR, de Bono, J.S, Molina, A, Logothetis, C.J, de Souza, P, et al. Abiraterone in Metastatic Prostate Cancer Without Previous Chemotherapy. N Engl J Med (2013) 368(2):138–48. doi: 10.1056/NEJMoa1209096

9. Rydzewska, LHM, Burdett, S, Vale, CL, Clarke, NW, Fizazi, K, Kheoh, T, et al. Adding Abiraterone to Androgen Deprivation Therapy in Men With Metastatic Hormone-Sensitive Prostate Cancer: A Systematic Review and Meta-Analysis. Eur J Cancer (2017) 84:88–101. doi: 10.1016/j.ejca.2017.07.003

10. 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(5928):787–90. doi: 10.1126/science.1168175

11. Armstrong, AJ, Szmulewitz, RZ, Petrylak, DP, Holzbeierlein, J, Villers, A, Azad, A, et al. ARCHES: A Randomized, Phase III Study of Androgen Deprivation Therapy With Enzalutamide or Placebo in Men With Metastatic Hormone-Sensitive Prostate Cancer. J Clin Oncol (2019) 37(32):2974–86. doi: 10.1200/JCO.19.00799

12. Davis, ID, Martin, AJ, Stockler, MR, Begbie, S, Chi, KN, Chowdhury, S, et al. Enzalutamide With Standard First-Line Therapy in Metastatic Prostate Cancer. N Engl J Med (2019) 381(2):121–31. doi: 10.1056/NEJMoa1903835

13. Beer, TM, Armstrong, AJ, Rathkopf, DE, Loriot, Y, Sternberg, CN, and Higano, CS. Enzalutamide in Metastatic Prostate Cancer Before Chemotherapy. N Engl J Med (2014) 371(5):424–33. doi: 10.1056/NEJMoa1405095

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(13):1187–97. doi: 10.1056/NEJMoa1207506

15. Sternberg, CN, Fizazi, K, Saad, F, Shore, ND, De Giorgi, U, Penson, DF, et al. Enzalutamide and Survival in Nonmetastatic, Castration-Resistant Prostate Cancer. N Engl J Med (2020) 382(23):2197–206. doi: 10.1056/NEJMoa2003892

16. Clegg, NJ, Wongvipat, J, Joseph, JD, Tran, C, Ouk, S, Dilhas, A, et al. ARN-509: A Novel Antiandrogen for Prostate Cancer Treatment. Cancer Res (2012) 72(6):1494–503. doi: 10.1158/0008-5472.CAN-11-3948

17. Smith, MR, Saad, F, Chowdhury, S, Oudard, S, Hadaschik, BA, Graff, JN, et al. Apalutamide and Overall Survival in Prostate Cancer. Eur Urol (2021) 79(1):150–8. doi: 10.1016/j.eururo.2020.08.011

18. Chi, KN, Agarwal, N, Bjartell, A, Chung, BH, Pereira deSantanaGomes, AJ, Given, R, et al. Apalutamide for Metastatic, Castration-Sensitive Prostate Cancer. N Engl J Med (2019) 381(1):13–24. doi: 10.1056/NEJMoa1903307

19. de Wit, R, de Bono, J, Sternberg, CN, Fizazi, K, Tombal, B, Wulfing, C, et al. Cabazitaxel Versus Abiraterone or Enzalutamide in Metastatic Prostate Cancer. N Engl J Med (2019) 381(26):2506–18. doi: 10.1056/NEJMoa1911206

20. Korenchuk, S, Lehr, JE, Clean, LM, Lee, YG, Whitney, S, Vessella, R, et al. VCaP, a Cell-Based Model System of Human Prostate Cancer. In Vivo (2001) 15(2):163–8.

21. Lee, YG, Korenchuk, S, Lehr, J, Whitney, S, Vessela, R, and Pienta, KJ. Establishment and Characterization of a New Human Prostatic Cancer Cell Line: DuCaP. In Vivo (2001) 15(2):157–62.

22. Klein, KA, Reiter, RE, Redula, J, Moradi, H, Zhu, XL, Brothman, AR, et al. Progression of Metastatic Human Prostate Cancer to Androgen Independence in Immunodeficient SCID Mice. Nat Med (1997) 3(4):402–8. doi: 10.1038/nm0497-402

23. Navone, NM, Olive, M, Ozen, M, Davis, R, Troncoso, P, Tu, SM, et al. Establishment of Two Human Prostate Cancer Cell Lines Derived From a Single Bone Metastasis. Clin Cancer Res (1997) 3(12 Pt 1):2493–500.

24. Horoszewicz, JS, Leong, SS, Chu, TM, Wajsman, ZL, Friedman, M, Papsidero, L, et al. The LNCaP Cell Line–A New Model for Studies on Human Prostatic Carcinoma. Prog Clin Biol Res (1980) 37:115–32.

25. Marques, RB, van Weerden, WM, Erkens-Schulze, S, de Ridder, CM, Bangma, CH, Trapman, J, et al. The Human PC346 Xenograft and Cell Line Panel: A Model System for Prostate Cancer Progression. Eur Urol (2006) 49(2):245–57. doi: 10.1016/j.eururo.2005.12.035

26. van Weerden, WM, de Ridder, CM, Verdaasdonk, CL, Romijn, JC, van derKwast, TH, Schroder, FH, et al. Development of Seven New Human Prostate Tumor Xenograft Models and Their Histopathological Characterization. Am J Pathol (1996) 149(3):1055–62.

27. Sramkoski, RM, Pretlow, TG 2nd, Giaconia, JM, Pretlow, TP, Schwartz, S, Sy, MS, et al. A New Human Prostate Carcinoma Cell Line, 22Rv1. In Vitro Cell Dev Biol Anim (1999) 35(7):403–9. doi: 10.1007/s11626-999-0115-4

28. Veldscholte, J, Berrevoets, CA, Ris-Stalpers, C, Kuiper, GG, Jenster, G, Trapman, J, et al. The Androgen Receptor in LNCaP Cells Contains a Mutation in the Ligand Binding Domain Which Affects Steroid Binding Characteristics and Response to Antiandrogens. J Steroid Biochem Mol Biol (1992) 41(3-8):665–9. doi: 10.1016/0960-0760(92)90401-4

29. Marques, RB, Erkens-Schulze, S, de Ridder, CM, Hermans, KG, Waltering, K, Visakorpi, T, et al. Androgen Receptor Modifications in Prostate Cancer Cells Upon Long-Termandrogen Ablation and Antiandrogen Treatment. Int J Cancer (2005) 117(2):221–9. doi: 10.1002/ijc.21201

30. Hu, R, Dunn, TA, Wei, S, Isharwal, S, Veltri, RW, Humphreys, E, et al. Ligand-Independent Androgen Receptor Variants Derived From Splicing of Cryptic Exons Signify Hormone-Refractory Prostate Cancer. Cancer Res (2009) 69(1):16–22. doi: 10.1158/0008-5472.CAN-08-2764

31. Ferraldeschi, R, Sharifi, N., Auchus, RJ, and Attard, G. Molecular Pathways: Inhibiting Steroid Biosynthesis in Prostate Cancer. Clin Cancer Res (2013) 19(13):3353–9. doi: 10.1158/1078-0432.CCR-12-0931

32. Arora, VK, Schenkein, E, Murali, R, Subudhi, SK, Wongvipat, J, Balbas, MD, et al. Glucocorticoid Receptor Confers Resistance to Antiandrogens by Bypassing Androgen Receptor Blockade. Cell (2013) 155(6):1309–22. doi: 10.1016/j.cell.2013.11.012

33. Isikbay, M, Otto, K, Kregel, S, Kach, J, Cai, Y, Vander Griend, DJ, et al. Glucocorticoid Receptor Activity Contributes to Resistance to Androgen-Targeted Therapy in Prostate Cancer. Hormones Cancer (2014) 5(2):72–89. doi: 10.1007/s12672-014-0173-2

34. Barfeld, SJ, Urbanucci, A, Itkonen, HM, Fazli, L, Hicks, JL, Thiede, B, et al. C-Myc Antagonises the Transcriptional Activity of the Androgen Receptor in Prostate Cancer Affecting Key Gene Networks. EBioMedicine (2017) 18:83–93. doi: 10.1016/j.ebiom.2017.04.006

35. Nadiminty, N, Tummala, R, Liu, C, Lou, W, Evans, CP, Gao, AC, et al. NF-Kappab2/P52:C-Myc:hnRNPA1 Pathway Regulates Expression of Androgen Receptor Splice Variants and Enzalutamide Sensitivity in Prostate Cancer. Mol Cancer Ther (2015) 14(8):1884–95. doi: 10.1158/1535-7163.MCT-14-1057

36. Culig, Z, and Puhr, M. Interleukin-6 and Prostate Cancer: Current Developments and Unsolved Questions. Mol Cell Endocrinol (2018) 462(Pt A):25–30. doi: 10.1016/j.mce.2017.03.012

37. Nakazawa, M, and Kyprianou, N. Epithelial-Mesenchymal-Transition Regulators in Prostate Cancer: Androgens and Beyond. J Steroid Biochem Mol Biol (2017) 166:84–90. doi: 10.1016/j.jsbmb.2016.05.007

38. Isaacsson Velho, P, Fu, W, Wang, H, Mirkheshti, N, Qazi, F, Lima, FAS, et al. Wnt-Pathway Activating Mutations Are Associated With Resistance to First-Line Abiraterone and Enzalutamide in Castration-Resistant Prostate Cancer. Eur Urol (2020) 77(1):14–21. doi: 10.1016/j.eururo.2019.05.032

39. Miyamoto, DT, Zheng, Y, Wittner, BS, Lee, RJ, Zhu, H, Broderick, KT, et al. RNA-Seq of Single Prostate CTCs Implicates Noncanonical Wnt Signaling in Antiandrogen Resistance. Science (2015) 349(6254):1351–6. doi: 10.1126/science.aab0917

40. Romijn, JC, Verkoelen, CF, and Schroeder, FH. Application of the MTT Assay to Human Prostate Cancer Cell Lines In Vitro: Establishment of Test Conditions and Assessment of Hormone-Stimulated Growth and Drug-Induced Cytostatic and Cytotoxic Effects. Prostate (1988) 12(1):99–110. doi: 10.1002/pros.2990120112

41. de Hoon, MJ, Imoto, S., and Nolan Miyano, J. S. Open Source Clustering Software. Bioinformatics (2004) 20(9):1453–4. doi: 10.1093/bioinformatics/bth078

42. Saldanha, AJ. Java Treeview–extensible Visualization of Microarray Data. Bioinformatics (2004) 20(17):3246–8. doi: 10.1093/bioinformatics/bth349

43. Moll, JM, Kumagai, J, van Royen, ME, Teubel, WJ, van Soest, RJ, French, PJ, et al. A Bypass Mechanism of Abiraterone-Resistant Prostate Cancer: Accumulating CYP17A1 Substrates Activate Androgen Receptor Signaling. Prostate (2019) 79(9):937–48. doi: 10.1002/pros.23799

44. van Bokhoven, A, Varella-Garcia, M, Korch, C, Johannes, WU, Smith, EE, Miller, HL, et al. Molecular Characterization of Human Prostate Carcinoma Cell Lines. Prostate (2003) 57(3):205–25. doi: 10.1002/pros.10290

45. de Morree, ES, Bottcher, R., van Soest, RJ, Aghai, A, de Ridder, CM, Gibson, AA, et al. Loss of SLCO1B3 Drives Taxane Resistance in Prostate Cancer. Br J Cancer (2016) 115(6):674–81. doi: 10.1038/bjc.2016.251

46. van Soest, RJ, van Royen, ME, de Morree, ES, Moll, JM, Teubel, W, Wiemer, EA, et al. Cross-Resistance Between Taxanes and New Hormonal Agents Abiraterone and Enzalutamide may Affect Drug Sequence Choices in Metastatic Castration-Resistant Prostate Cancer. Eur J Cancer (2013) 49(18):3821–30. doi: 10.1016/j.ejca.2013.09.026

47. Rebuzzini, P, Zuccotti, M, Redi, CA, and Garagna, S. Achilles' Heel of Pluripotent Stem Cells: Genetic, Genomic and Epigenetic Variations During Prolonged Culture. Cell Mol Life Sci (2016) 73(13):2453–66. doi: 10.1007/s00018-016-2171-8

48. Siciliano, T, Simons, IH, Beier, AK., Ebersbach, C, Aksoy, C, Seed, RI, et al. A Systematic Comparison of Antiandrogens Identifies Androgen Receptor Protein Stability as an Indicator for Treatment Response. Life (Basel) (2021) 11(9):874. doi: 10.3390/life11090874

49. Lorente, D, Mateo, J, Zafeiriou, Z, Smith, AD, Sandhu, S, Ferraldeschi, R, et al. Switching and Withdrawing Hormonal Agents for Castration-Resistant Prostate Cancer. Nat Rev Urol (2015) 12(1):37–47. doi: 10.1038/nrurol.2014.345

50. Markowski, MC, Wang, H, Sullivan, R, Rifkind, I, Sinibaldi, V, Schweizer, MT, et al. A Multicohort Open-Label Phase II Trial of Bipolar Androgen Therapy in Men With Metastatic Castration-Resistant Prostate Cancer (RESTORE): A Comparison of Post-Abiraterone Versus Post-Enzalutamide Cohorts. Eur Urol (2020) 79(5):692–99. doi: 10.1200/JCO.2020.38.15_suppl.5576

51. Schweizer, MT, Antonarakis, ES, Wang, H, Ajiboye, AS, Spitz, A, Cao, H, et al. Effect of Bipolar Androgen Therapy for Asymptomatic Men With Castration-Resistant Prostate Cancer: Results From a Pilot Clinical Study. Sci Transl Med (2015) 7(269):269ra2. doi: 10.1126/scitranslmed.3010563

52. Grosse, L, Paquet, S, Caron, P, Fazli, L, Rennie, PS, Belanger, A, et al. Androgen Glucuronidation: An Unexpected Target for Androgen Deprivation Therapy, With Prognosis and Diagnostic Implications. Cancer Res (2013) 73(23):6963–71. doi: 10.1158/0008-5472.CAN-13-1462

53. Li, H, Xie, N, Chen, R, Verreault, M, Fazli, L, Gleave, ME, et al. UGT2B17 Expedites Progression of Castration-Resistant Prostate Cancers by Promoting Ligand-Independent AR Signaling. Cancer Res (2016) 76(22):6701–11. doi: 10.1158/0008-5472.CAN-16-1518

54. Moll, JM, Hofland, J, Teubel, WJ, de Ridder, CMA, Taylor, AE, Graeser, R, et al. Abiraterone Switches Castration-Resistant Prostate Cancer Dependency From Adrenal Androgens Towards Androgen Receptor Variants and Glucocorticoid Receptor Signalling. Prostate (2022) 82(5):505–16. doi: 10.1002/pros.24297

55. Gravis, G, Boher, JM, Chen, YH, Liu, G, Fizazi, K, Carducci, MA, et al. Burden of Metastatic Castrate Naive Prostate Cancer Patients, to Identify Men More Likely to Benefit From Early Docetaxel: Further Analyses of CHAARTED and GETUG-AFU15 Studies. Eur Urol (2018) 73(6):847–55. doi: 10.1016/j.eururo.2018.02.001

56. James, ND, de Bono, JS, Spears, MR, Clarke, NW, Mason, MD, Dearnaley, DP, et al. Abiraterone for Prostate Cancer Not Previously Treated With Hormone Therapy. N Engl J Med (2017) 377(4):338–51. doi: 10.1056/NEJMoa1702900




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.


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.

Copyright © 2022 Moll, Teubel, Erkens, Jozefzoon-Agai, Dits, van Rijswijk, Jenster and van Weerden. 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-12-877613-g004.jpg
SIS9YIUAS p1oIals

apuadapui-pueby] |

SISAUIUAS plo1dls

juspuadapul-pueb| |

ejep uonesdyljoid

+ + o+

UOD K VW OO WL CUI~"ITooVUOQX

onsanow>3s TR I [ T 1]

9LINM
VSINM
LIVNS
1-937
Eall
DAW
LYSS
49
LVSays
EDLUNY
LVYZLdAD
LA-YY
Sdadd
VSd

gy

buijjeubis-Jum

|
w3 _

9SUISAUDS

Buijjeubis yo _

Yy [edtuoued

median Ct 19 21 25 26 38 27 33 37 36 22 nd 40 38 40 33

DuCaP

ejep uonessyjoid + +

1

!

'

+ ++ o+

+ + + + +

Selection drug
[JPAR [BIC
CJADT EFLU

Fold expression
-ACt vs median
-3

-0-

+3

+ + + + +

QUOPD "X UITIoACHUXuLUnLuwuw QuoowcA

S5NYA NOLLDIT3IS

9ZINM €
VSINM
LIVNS
1-937
Al

DAW
LYSS
49
LYSays
DLV
LVZLdAD
LAWY
Sdaxd
VSd

gy

buijjeubis-jum

1w3 _

BSUISAUIDS

Buyjjeubis yo _

yy [edtuoued

median Ct 19 20 23 23 36 29 32 33 35 21 nd 37 37 nd

VCaP

|
w—

Selection drug

Fold expression

COPAR M BIC
OADT EFLU

I .
0o 3

A-Ctvs median
+3

elepuonesdfiiodd + + + + + + + + 4+ + 4+ + 4+ + 4+ + ++ +
SUOPD X "~ VUO T WL ULOWAOWX

SNYA NOILD3N3S

9LINM R
VSINM
LIVNS
1-937
Al
DAW
LM9S
4o
LYSays
DLWV
LVZLdAD
LAYY
Sdadd
VSd

vy

Buljjeubis-jum

1W3 —

9SUIISAUS

Buijeubis yo _

SISOUIUAS PI0I)S

juspuadapui-puebi| _

Y [ed1uoued

=
o
=
n
By
©
@
o
@
o
&
=
“
Y
&
~
By
o
@
n
By
~
i
o
B
o
<
-
o
c
8
o
£

LAPC4

ejep uonesyjoid

[

i

" . .

3

=
[

+ + +

BUOP VL X WwmA VX

S5NYA NOILDIT3IS

9ZINM
VSINM
LIVNS
1-937
Al
DAW

_ 19SS
4o
LYSays
DLWV
LVZLdAD
LAY
Sdaxd
VSd

vy

buijjeubis-um

w3 _

9OUIISBUIS

Buijjeubis yo

SIS9YIUAS p10I)S

juapuadapul-puebl |

Y [ed1uoued

median Ct 23 20 27 30 39 38 32 31 34 22 38 39 34 36 38

PC346C

.

+ + +
<= I

[a)
o
]
v 23
PR
A o=
c
S|l k=
2|Z 0
= TR IEE
OO
gl &
S| e ™
(P
e
o |5
B[¥My
+ o+ + + + +

vo<g<-H-uw N0

OUWWUITOUWL OO I X

Selection drug

[JPAR [EBIC ERD

JADT EFLU

Fold expression

-3

-ACt vs median
0

| |
+3





OEBPS/Images/fonc-12-877613-g001.jpg
passage time (days)

CRPC clone take rate

ARTA condition
model BIC FLU

VCaP

DuCaP

PC346C

LAPC4

DRUG

vcaP

time till p10 (days): s

ADT 487 z

BIC 203 2

FLU322 8
RD na E %0

s

o)

g

3

H

8

g

passage

RD162

10

DuCaP

DRUG/
MODEL_MODEL

time till p10 (days)

passage

20

ADT 283
BIC 259
FLU 262

RD na

vcaP

40

3
q
H
H

ABCDEFGHJK ABCDEFGHJK ABCDEFGHJK ABCDE
subclone

PC346C

total passages

ABCDEFGHJK ABCDEFGHJK ABCDEFGHJK ABCDE
subelone

PC346C
75 time till p10 (days):
= ADT 212
g BIC 234
H FLU 240
g 50 RD 201
°
&
2
3
@
8
g
5 pe 20 30
passage

DuCaP

!
£
E

ABCDEFGHJK ABCDEFGHJK ABCDEFGHJK ABCDE
subelone

LAPC4

ABCDEFGHJK ABCDEFGHJK ABCDEFGHJK ABCDE
subclone

3 ADT = BIC Em FLU BB RDIS2

LAPC4

75

= time till p10 (days):
z ADT 380
E BIC 513
h-3 FLU 367
¢ = RD 418
°

2 25

@

K

8

3

0 10 20 30
passage

-~ ADT — BIC — FLU — RD162





OEBPS/Images/fonc.2022.877613_cover.jpg
, frontiers ‘ Frontiers in Oncology

Cell Line Characteristics
Predict Subsequent Resistance
to Androgen Receptor-Targeted

Agents (ARTA) in Preclinical
Models of Prostate Cancer





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Cell Line Characteristics Predict Subsequent Resistance to Androgen Receptor-Targeted Agents (ARTA) in Preclinical Models of Prostate Cancer

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Original Cell Lines

          



          		

            Selection Medium

          



          		

            Proliferation Assays

          



          		

            Androgen Response Analysis

          



          		

            Quantitative Real-Time PCR

          



          		

            mRNA Expression Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Primary Cell Line and AR-Targeted Agents (ARTA) Determine the Emergence of Castration-Resistant Prostate Cancer (CRPC)

          



          		

            Primary Cell Line Dictates the Castration-Resistant Phenotype

          



          		

            Differential Expression of Androgen Receptor and Drivers of Castration Resistance Between Parental Models Identifies WNT Signaling and EMT as Having Increased Expression in an Innate Castration-Resistant Model

          



          		

            Expression Profile of AR, AR-V, GR, Steroidogenesis, and WNT5A in CRPC Clones

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-877613-g003.jpg
AR PSA
g em. _
e 7= o i
MRS A i :
LY 3 .
FSES EEF I F
CYP17A1 AKR1C3 SRD5A1

Pr——

rrpp—

i

-actvs GAPDH

median Ct 23 21

~actvs etrence

L6
H H
H fu
g g
N
e
WNT7B
H S
] 2 .
. H P
S &L S&FE

Fold expression

FKBPS
AR-V7

% CYP17A1

2

ind-independent

2

steroid synthesis

-ACt vs median

43

0

3

AKR1C3
& SRDSA1

£ GR

R signalling

scenescense

wnt-signalling

VCaP
VCaP
VCaP
VCaP
VCaP
DuCaP
DuCaP
DuCaP
DuCaP
PC346C
PC346C
PC346C
PC346C
PC346C
LAPC4
LAPC4
LAPC4
LAPC4





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-877613-g002.jpg
At ) i )
VCaP e DuCaP TR T

SELECTION DAY

done
SELECTION DAUG

boutamide
Hktamide

1 ot tamice
i e

Ot amde

0
o e

e
Wekaride
Dautamide
Ot utamde
s

Ot amde
w62
ssAGE

I -
u [t @
12
L} cis
I c3

I I ’I ; ;g Relative growth log 2 Selection drug

o OPAv WEIC AU

Relathe growth g2l Selecsion duc =
e e CpaR @BC WAL E
e OPAR meC WAL

ks @aor

PC346C Auss1 ) LAPC4 Rigs1 o)

o w0 g e w0 g
o - 53 33 o 58 s B
i ff fr B it N
i $es3deslic b3 2 FEERTH
12 232t3328330 832 i I AL

L& —H 1 8

2 5

It 2 5
El &

2 52

z 56

E Y 52

n
17

€30 K13

co0 i

Has 527

Has 022

4 130 B21
u B2 F1o
K27 cis

;i K25 G2
€27 F20

033 Hi7

039 K10

2 €13

€2 £i3

Relative growth log 2)  Selection drug. ;5
E g OPaR msIC MRD Ei7
E mAoT WAL H20
Kis

620

023

Reltive growthiog?)  Selecion drog
» e O WEIC WR

. BT WA
vcap DuCaP
PAR vs CRPC p <0.0001 PARvs CRPC p=0.10
o -
z T
L £
2, 2,
3
FEEE R EE R EEEEEE T 2 3 §F $ 3 &8 8 3 & 8 3
rci B @ 3 £ 8B FEEEEEEGEE oo 8 B 3 B 2 &8 2 8 8 2
= = = 5 m i
Ries o0 0 101 1010 109 Riee1 ) ) o 10
Pc3dec LAPC4
PAR vs CRPC p < 0.0001 PAR vs CRPC p <0.0001 T i
5 B
i
)
3 o i
e,
oo B B 3 2 & B o3 8 gEg3¢E musuw»ax‘-”ﬁxg’gﬁmazﬁ-’“
u U537 guag g 2 @ £ U5 g g ¥ag gy @ 3z ¥a3 a3
2 2 2 2 g 2 2 g
Rigs1 () 0 101 109 Ries1 (o0 0 107 P

3 parental B CRPC





OEBPS/Images/table1.jpg
Mechanism GENE Diffential expression Function Ref
Between original Between CRPC lines per original
cell lines cell line
PAR VCAP DUCAP PC346C LAPC4
AR signaling AR 0.002 0.894  0.001 <0.001 0.195 Androgen receptor, main growth factor receptor in prostate cancer, )
target of androgen-ablative therapy
PSA 0.086 0.560 0.939 0.011 0.001 Target gene of AR, prostate cancer biomarker.
FKBPS 0.021 0.008  0.026 0.010  <0.001 Target gene of AR
Ligand- AR-V7 0.001 0.003 0.102 <0.001 0.013 Ligand-independent AR signaling (30)
independent AR
Steroid CYP17A1 0.138 <0.001 0.029 0.581 0.424  Conversion of pregnenolone to 170H-pregnenolone and DHEA, 31)
biosynthesis target of abiraterone
AKR1C3 0.002 0.007 0.002 0.154 0.073 Conversion of DHEA and androstenedione into testosterone and
DHT
SRD5A1 0.003 0.018 0314 0.104 0.714  Conversion of testosterone into more potent DHT
GR signaling GR 0.120 0.150 0.523 <0.001 0.012 Glucocorticoid receptor, potential alternative growth factor receptor (32, 33)
SGK1 0.047 0.5643 0916 0.249 0.416  Target gene of GR
Alternative MYC 0.069 0.145  0.186 0.054 0.495 Oncogene (34, 35)
growth factor
L6 0.457 na na 0.400 0.821  Stem-cell signaling, autocrine growth factor (36)
EMT ZEB-1 0.636 0.206 0.189 0.724 0.001  Direct drivers of EMT, associated with castration and @7
chemoresistance in prostate cancer
SNAI1 0.007 <0.001 0.065 0.001 0.006
Whnt signaling WNT5A 0.019 na 0.375 0.003 0.229  Stem cell signaling, CRPC, resistance to ADT, abiraterone and (38, 39)
enzalutamide
WNT7B 0.457 0.381  0.544 0.160 0.039

Bold numbers indicate p<0.05 on a one-way ANOVA.
AR, Androgen Receptor; GR, Glucocortioid Receptor; EMT, Epithelial-Mesenchymal transition; PSA, prostate specific antigen; FKBP5, FK506 binding protein 5; AR-V7, Androgen
Receptor splice variant 7; CYP17A1, Cytochrome P450 17A1; AKR1C3, Aldo-keto reductase family 1 member C3; SRD5A1, Steroid 5 Alpha-Reductase 1; GR, glucocorticoid receptor;
SGK1, Serum/Glucocorticoid Regulated Kinase 1; MYC, MYC Proto-Oncogene; IL6, interfeukin 6; ZEB-1, Zinc Finger E-Box Binding Homeobox 1; SNAI1, Snail Family Transcriptional
Repressor 1; WNTS5A, Wnt family member 5A; WNT7B, Wnt family member 7B; PAR, parental; DHEA, Dehydroepiandrosterone; DHT, dihydrotestosterone; CRPC, Castration-resistant
prostate cancer: ADT, androgen deprivation therapy; na, not applicable.





