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Purpose

This study aimed to evaluate the prognostic role of AR-V7 in terms of prostate-specific antigen (PSA) response, progression-free survival (PFS), and overall survival (OS) in CRPC patients treated with novel hormonal therapy (NHT) (Abiraterone and Enzalutamide) or taxane-based chemotherapy (Docetaxel and Cabazitaxel).



Methods

A comprehensive literature search was conducted on PubMed, Embase, and the Web of Science from inception to February 2020. Studies focusing on the prognostic values of AR-V7 in CRPC patients treated with NHT or chemotherapy were included in our meta-analysis. The OS and PFS were analyzed based on Hazard ratios (HRs) and 95% confidence intervals (CIs). Furthermore, Odds ratios (ORs) and 95% CIs were summarized for the AR-V7 conversion after treatment and the PSA response.



Results

The AR-V7 positive proportion increased significantly after NHT treatment (OR 2.56, 95% CI 1.51–4.32, P<0.001), however, it declined after chemotherapy (OR 0.51, 95% CI 0.28–0.93, P=0.003). AR-V7-positive patients showed a significantly decreased PSA response rate after NHT (OR 0.13, 95% CI 0.09–0.19, P<0.001) but not statistically significant for chemotherapy (OR 0.63, 95% CI 0.40-1.01, P=0.06). Notably, PFS (HR 3.56, 95% CI 2.53–5.01, P<0.001) and OS (HR 4.47, 95% CI 3.03–6.59, P<0.001) were worse in AR-V7-positive ttreated with NHT. Similarly, AR-V7 positivity correlated with poor prognosis after chemotherapy as evidenced by shorter OS (HR 1.98, 95% CI 1.48-2.66, P<0.001) and a significantly shorter PFS (HR 1.35, 95% CI 0.97-1.87, P=0.07).



Conclusion

NHT treatment increased AR-V7 positive proportion whereas chemotherapy decreased it. Moreover, AR-V7 positivity correlated with lower PSA response, poorer PFS, and OS in CRPC treated with NHT, and shorter OS in patients receiving chemotherapy.
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Introduction

Taxane-based chemotherapy (Docetaxel and Cabazitaxel) and novel hormonal therapy (NHT) such as Enzalutamide and Abiraterone have been proven to improve overall survival (OS) and possess favorable safety profiles in metastatic castration-resistant prostate cancer (mCRPC) (1, 2). The prognosis of most mCRPC patients is poor which calls for development of effective biomarkers to predict treatment outcomes and choices (3, 4). The constitutively active AR splice variants lacking the androgen ligand-binding domain contribute to NHT resistance (5, 6). Accumulating evidence suggests that Abiraterone and Enzalutamide are not effective in AR-V7-positive patients (7–9). However, AR-V7-positive patients showed a better response to taxane chemotherapy (8, 10, 11). Therefore, AR-V7 may guide treatment decisions for CRPC patients (12).

Several studies have reported that AR-V7 is unable to predict the effectiveness of NHT in CRPC (13, 14). Moreover, AR-V7 positivity has been associated with unfavorable baseline characteristics and a higher tumor burden (10, 15). AR-V7 mediates taxane resistance via several mechanisms. Previously, high expression of AR-V7 was linked to NHT resistance, but its expression level declined after chemotherapy (7, 8, 16–21). In recent years, the prognostic value and clinical utility of AR-V7 in NHT and chemotherapy are deeply investigated. Promising data support AR-V7 as a treatment selection marker in therapeutic strategies for mCRPC patients. However, due to the diversities of patient cohorts and sample characteristics, the varieties of detection methods and different sample types (Tables 1, 2), and the various definitions of AR-V7 positivity and clinical endpoints (Supplementary Tables S1, S2), the clinical utility of AR-V7 as a treatment selection marker in CRPC still needs to be further evaluated.


Table 1 | Characteristics of studies included in the change of AR-V7-positive proportion after treatment meta-analysis.




Table 2 | Characteristics of studies and patients included in the PSA response, PFS and OS meta-analysis.






In this review, a meta-analysis was conducted on 36 studies to explore the prognostic value of AR-V7 in CRPC patients treated with NHT or chemotherapy by the PSA response, OS and PFS. In addition, the conversion of AR-V7 positive proportion after NHT or chemotherapy was further analyzed.



Methods


Retrieval Strategy

This meta-analysis was conducted based on the PRISMA statement and registered at PROSPERO with registration number CRD42020161618 (45). A literature search was performed on PubMed, the Web of Science, and Embase from inception to February 2020. The main search strategy was as follows: (prostate cancer OR prostate tumor OR prostate neoplasm OR prostate carcinoma) AND (AR-V7 OR AR3 OR androgen receptor splicing variant 7 OR androgen receptor 3). Bibliographic references of selected articles were examined to identify additional articles that met the selection criteria. Two reviewers independently verified the studies for eligibility and any discrepancies were resolved by a third reviewer.



Selection Criteria

Retrieved titles and abstracts were screened to eliminate duplicates, and full texts in the selected articles were reviewed and matched against the inclusion criteria. Articles eligible for inclusion met the following criteria: 1) The study reported on CRPC and AR-V7; 2) The results were expressed as a positive rate in percent of AR-V7 before and after treatment in CRPC. Other included results were the PSA response rate, PFS, or OS after NHT or chemotherapy; 3) The results were reported from clinical trials including RCTs and nonrandomized studies. Studies were excluded if: 1) treatment was neither novel hormonal therapy nor chemotherapy, or not clearly mentioned; 2) studies reported only the AR-V7-positive proportion before or after treatment in CRPC patients; 3) studies lacked results of therapy response rate, PFS, or OS; 4) studies involved non-human subjects; 5) studies were published in languages other than English except when a translation was provided; 6) case reports, comments, editorials, letters, or reviews. Notably, when more than one publication was retrieved from the same trial, the most recent or most complete report was used.



Data Collection and Study Quality

1) The following baseline patient characteristics were collected for each eligible trial: age, tumor stage, Gleason score, baseline PSA and alkaline phosphatase, and the median time from diagnosis to sampling. 2) The description of the study design included the author’s name, year, country, study design, type of therapy, description of interventions, and outcome measures. 3) The number of patients assigned to different treatment regimens and follow-up duration. 4) The AR-V7-positive percentage before and after treatment in CRPC samples and the methods of detection. 5) The number and proportion of patients with therapy response to NHT or chemotherapy and its detailed definition. 6) The prognosis outcome data were the hazard ratios (HRs) with 95% confidence intervals (CIs) and P-values of PFS, detailed in the subgroup analysis of NHT or chemotherapy. 7) For OS, HRs with 95% CIs and P-value, detailed in the subgroup analysis of NHT or chemotherapy.



Statistical Methods

Summary statistics were generated using Review Manager Software (RevMan v.5.3; The Nordic Cochrane Center, Copenhagen, Denmark). All patients were included and analyzed on an intention-to-treat basis. The AR-V7-positivity conversion after treatment and the association between AR-V7 expression and the response rate of NHT or chemotherapy were assessed. The primary endpoints of the meta-analysis were OS and PFS. Patients were grouped by AR-V7 status and compared in terms of the PSA response rates, PFS, and OS after NHT or chemotherapy in CRPC. The summary measure for OS and PFS was HR (95% CI). Statistical differences among studies were evaluated using the chi-square test and the I2 statistic. Odds ratio (OR) and hazard ratio (HR) estimates were weighted by the Mantel-Haenszel method. The pooled effect was calculated using either the fixed effects model (I2 < 50%) or the random-effects model (I2 ≥ 50%) based on heterogeneity level. All statistical tests were bilateral with a significance p value of 5%.




Results


Study Characteristics and Quality

Article selection process is shown in Figure 1. A total of 4347 full-text papers were identified from which 4313 were excluded. Notably, 435 studies were duplicate, 3,381 were not relevant to the research question, 465 were conference abstracts, reviews, letters, and editorials whose quality could not be assessed, and 30 studies did not contain relevant results. No study was identified from reference lists. Eventually, 36 trials were included in the meta-analysis.




Figure 1 | Study selection process.





Patient Characteristics

Nine trials including 897 patients were used to compare AR-V7 conversion after treatment. Their clinicopathological features are listed in Table 1. The sample type and AR-V7 detection methods are detailed in Supplementary Table S1. A total of 1,643 patients from 24 studies were enrolled for therapy response comparison; 17 studies including 1,499 patients were used for the comparison of PFS; 1,726 patients from 17 studies were enrolled for OS comparison. Detailed features of these studies are highlighted in Table 2. The definitions of PSA response, PFS, and OS were inconsistent across studies and was displayed in Supplementary Table S2.



AR-V7 Positivity Conversion After Treatment

A total of 897 patients from nine trials were enrolled. Of note, 154 out of 433 patients were AR-V7 positive before treatment, however, the proportion converted to 243 out of 464 after treatment. Subgroup analysis of different treatment strategies was performed (Figure 2). A significant study heterogeneity was detected (I2 = 71%, P<0.001), and thus a random-effects model was used. The proportion of AR-V7 positivity significantly increased after Abiraterone or Enzalutamide treatment (OR 2.56, 95% CI 1.51–4.32, P<0.001) whereas, it significantly declined after chemotherapy (OR 0.51, 95% CI 0.28–0.93, P=0.003).




Figure 2 | Forest plots of AR-V7-positive proportion conversion after treatment from nine studies. AR-V7-positive proportion before and after treatment were calculated using random-effect models. The bars indicate 95% CIs. AR-V7, androgen receptor splicing variant 7; ABT, Abiraterone; ENZ, Enzalutamide; CI, confidence interval; OR, odds ratio.





The Relationship Between AR-V7 Expression and PSA Response in CRPC Patients

In total, 61 out of 347 AR-V7-positive men showed good response to NHT whereas, 544 out of 985 AR-V7-negative CRPC showed good response to PSA (Figure 3A). AR-V7-positive patients had significantly lower PSA response after NHT treatment compared to AR-V7-negative (OR 0.13, 95% CI 0.09–0.13, P<0.001). However, no significant heterogeneity was observed among the studies in this effect (I2 = 0.0%, P=0.80). In subgroup analysis, the OR of a PSA response in AR-V7-positive CRPC was 0.07 (95% CI 0.02–0.31, P<0.001) for Abiraterone-treated group, 0.06 (95% CI 0.01–0.29, P<0.001) for Enzalutamide group, and 0.14 (95% CI 0.10–0.21, P<0.001) for Abiraterone or Enzalutamide subgroup. Similarly, 65 out of 165 AR-V7 positive patients showed therapeutic response to chemotherapy whereas, in AR-V7 negative patients, the proportion was 48.5% (83 of 171), (Figure 3B). Moreover, the PSA response rate was decreased in AR-V7 positive patients (OR 0.63, 95% CI 0.40–1.01, P=0.06). A fixed-effects model was applied since there was no discrepancy between studies (I2 = 0.0%, P=0.70).




Figure 3 | Forest plots of PSA response rate after NHT and chemotherapy. The PSA response rate in AR-V7-positive and AR-V7-negative patients after NHT and chemotherapy was calculated using fixed-effect models. (A) PSA response rate after NHT. (B) PSA response rate after chemotherapy. The bars indicate 95% CIs. NHT, novel hormonal therapy; ABT, Abiraterone; ENZ, Enzalutamide; PSA, prostate specific antigen; AR-V7, androgen receptor splicing variant 7; CI, confidence interval.





The Effect of AR-V7 Expression on Progression-Free Survival in CRPC Patients

AR-V7 negative patients benefited more from NHT in terms of PFS compared with the positive patients (HR 3.56, 95% CI 2.53–5.01, P<0.001), (Figure 4A). Notable study discrepancy was tested (I2 = 53%, P=0.007) where a random effect model was applied for this analysis. Further subgroup analysis revealed that AR-V7 positive patients had worse PFS following Abiraterone treatment (HR 4.07, 95% CI 1.26–13.16, P=0.02), Enzalutamide treatment (HR 3.66, 95% CI 1.03–12.99, P=0.04), and Abiraterone/Enzalutamide treatment (HR 3.49, 95% CI 2.55–4.77, P<0.001). However, patient with AR-V7-negative status tended to have a better PFS although not significantly (HR 1.35, 95% CI 0.97–1.87, P=0.07), (Figure 4B). There was no heterogeneity between the studies (I2 = 45%, P=0.12), therefore, the fixed-effects model was applied.




Figure 4 | Forest plots of hazard ratios (HRs) for PFS of NHT and chemotherapy in CRPC patients. Pooled HRs were calculated using random effect for NHT and fixed effect model for chemotherapy. The bars indicate 95% CIs. (A) PFS of CRPC patients receiving NHT. (B) PFS of CRPC patients receiving chemotherapy. NHT, novel hormonal therapy; AR-V7, androgen receptor splicing variant 7; CI, confidence interval; PFS, progression free survival.





The Effect of AR-V7 Expression on Overall Survival of CRPC Patients

Among all patients who received NHT, AR-V7 negative patients had the best OS (HR 4.47, 95% CI 3.03–6.59, P<0.001), (Figure 5A). A significant study difference was detected (I2 = 49%, p=0.03), thus a random effect model was applied. Further subgroup analyses indicated that AR-V7 positive patients had a worse OS after Abiraterone treatment (HR 4.06, 95% CI 1.21-13.64, P=0.02), Enzalutamide (HR 3.35, 95% CI 1.06–10.61, P=0.04), and Abiraterone/Enzalutamide treatment (HR 5.25, 95% CI 3.49–7.89, P<0.001). For patients who received chemotherapy, AR-V7 positive patients had a worse OS than negative patients (Figure 5B, HR 1.98, 95% CI 1.48–2.66, P<0.001). A similar result was observed for non-standardized treatment (Figure 5C, HR 3.26, 95% CI 1.71–6.22, P<0.001).




Figure 5 | Forest plots of hazard ratios for OS in CRPC patients received NHT, chemotherapy or non-standardized treatment. Pooled HRs were calculated using random effect model. The bars indicate 95% CIs. (A) OS of CRPC patients receiving NHT. (B) OS of CRPC patients receiving chemotherapy. (C) OS of CRPC patients receiving non-standardized treatment. AR-V7, androgen receptor splicing variant 7; CI, confidence interval; OS, overall survival.






Discussion

This meta-analysis aimed to explore the prognosis value of AR-V7 in CRPC patients treated with NHT or chemotherapy. Several reports have indicated that AR-V7 can potentially induce and promote NHT resistance in CRPC and predict the prognosis of CRPC (6, 46, 47). It has been shown that taxane can maintain tubulin stability, inhibit cell mitosis and thereby induce apoptosis by promoting tubulin polymerization, decreasing AR nuclear localization, and inhibit depolymerization (15). Androgen receptor variants contain DNA binding domain and the hinge region. They can decrease taxane sensitivity by altering the inhibit ability of taxane of AR nuclear localization. Unlike ARv567, ARV7 lacks the hinge region, thus cannot co-sediment with microtubules or coprecipitate with dynein motor protein, it is therefore unaffected by taxane treatment (48). Although AR-V7 contributes to NHT resistance and chemotherapy, its predictive role in CRPC treatment has not been validated.

Our results show that the conversion of AR-V7 positivity increased in CRPC patients after NHT but decreased after chemotherapy. The change in AR-V7 expression was first reported by Antonarakis et al. in NHT-treated CRPC patients detected by circulating tumor cell (CTC) mRNA (7). Clinical reports have indicated that the AR-V7 positivity is elevated after NHT (8, 9, 17, 18, 20). A similar observation has been reported after taxane treatment, but not as statistically significant as NHT (8, 18, 21). The present study shows that taxane chemotherapy decreased AR-V7 expression.

The different conversion of AR-V7 expression after NHT and chemotherapy indicates different treatment mechanisms. These findings show that taxane-based therapeutic combination may be effective against drug resistance in CRPC (49), particularly for AR-V7 positive patients. However, due to the various chemotherapeutic agents and the different AR-V7 detecting assays among studies, these results need to be verified. Therefore, further research is needed to elucidate the conversion mechanism of AR-V7 expression during treatment.

Further analysis showed that, among patients who received NHT, the PSA-response proportion was lower in AR-V7-positive patients than negative. This indicated that AR-V7 could potentially predict NHT resistance. In our previous study, taxane-based chemotherapy tended to be highly beneficial than NHT in AR-V7 positive patients whereas the efficacy of NHT and taxane in AR-V7 negative patients was similar (12). Recent trials reported that AR-V7-positive CRPC patients show a lower PSA response to chemotherapy than AR-V7-negative patients (15, 21, 23, 35) whereas others have reported opposite results (38, 39). A previous study demonstrated that AR-V7 derived from CTC was not associated with primary resistance to taxane-based chemotherapy in patients with metastatic CRPC (8). By contrast, our results indicate a significantly lower PSA response to chemotherapy in AR-V7-positive patients. The prior-treatment of enrolled patients was diversiform, and the effect of prior NHT on the following chemotherapy was unclear. Further research is required to elucidate the relationship between AR-V7 and taxane chemotherapy resistance.

Sub-analysis was carried out to delineate the association of AR-V7 expression with the PFS and OS. The NHT group was further sub-classified into Abiraterone, Enzalutamide, or a combination of both. Of all patients receiving NHT, AR-V7-positive patients had worse PFS and OS than AR-V7-negative patients. Since the first report by Antonarakis et al. that AR-V7 in CTCs was associated with NHT resistance and poor survival in CRPC patients (7, 8, 11), the prognostic value of AR-V7 of CRPC patients receiving NHT has been extensively studied. Additionally, a large prospective study by Antonarakis et al. examined the negative prognostic effect of CTC-based AR-V7 testing in patients with CRPC receiving Abiraterone or Enzalutamide (9). Although AR-V7 showed its potential clinical utility as a prognostic biomarker in CRPC, the diverse findings on the predictive value and specificity of different AR-V7 detection methods limited its clinical validation. Discordant CTC AR-V7 results and AR-V7 protein expression in matched, same-patient biopsies were reported by Sharp et al. whereby AR-V7 positivity was associated with higher CTC counts which may have confounded outcome analyses (23). The prognostic role of AR-V7 in CRPC patients receiving chemotherapy has been a subject of research. Previous trials indicated that AR-V7 in CTCs from mCRPC was not associated with primary resistance to taxane chemotherapy and potentially responded better to taxane than NHT (8, 50). By contrast, some studies reported that the AR-V7 did not affect the outcome of taxane treatment in patients with mCRPC (15, 21). In this study, a worse outcome was observed in AR-V7 positive patients receiving chemotherapy with a nearly statistically significant PFS (HR 1.35, 95% CI 0.97–1.87, P=0.07) and remarkably shorter OS (HR 1.98, 95% CI 1.48–2.66, P<0.001). Given the inconsistent results from previous studies, whether AR-V7 could be applied to guide treatment decisions in CRPC is unclear. A report by Graf et al. indicated that doctors prefer taxane to NHT for patients with a highly aggressive disease or who have received NHT previously, which might result in treatment selection tendency. After adjusting physician propensity, no marked differences in OS were observed between taxane- and NHT-treated patients (42). Elsewhere, nuclear CTC expression of AR-V7 protein was associated with better survival in mCRPC patients receiving taxane therapy than those receiving NHT (11). Therefore, multiple therapeutic modalities may be applied simultaneously to effectively reverse resistance in AR-V7 positive CRPC (19). Moreover, AR-V7 should be consistently monitored during treatment and more effective target agents for AR-V7 are needed. Further prospective validation studies are required to determine the prognostic role of AR-V7 in CRPC (51).

This study is limited by the different comprised sample sizes ranging from 14 to 277 patients, and the statistical power is restricted by the following: First, small sample size and limited follow-up time of some studies would yield less reliable results due to the size effect. The risk of publication bias among the studies cannot be ignored. We plotted low statistical power trials in Supplementary Figures S1–S5 by asymmetrical distribution of funnel plots for further investigation. Second, research designs of the included studies are not unified. Most trials are single-centered and thus selection bias cannot be ruled out. Patient selection criteria are highly variable among different studies. Third, different assays were used to measure AR-V7 expression ranging from qRT-PCR, immunohistochemistry (IHC), fluorescence in-situ hybridization (FISH) and RNA in-situ hybridization (RISH). These detection methods carry different advantages and disadvantages as described in previous reviews (51, 52). Therefore, positivity rate may vary across studies because of different cutoff values. The sensitivity and specificity of tissue-based detection are not optimal because of the nonspecific detection of nuclear AR-V7 pre-mRNA by RISH and the nonspecific binding reaction of AR-V7 anti-body. Moreover, although it is feasible to measure AR-V7 and other AR aberrations using blood-based assays, it is still necessary to warrant the clinical validation of individual and integrated assays in the future (53). For CTC mRNA detection, CTC AR-V7 status was discordant between CellSearch and AdnaTest at low AR-V7 mRNA expression level which may confound outcome analyses (23). The sample type and AR-V7 test methods applied in the enrolled studies were detailed in Supplementary Table S1. Fourth, patients’ characteristics such as tumor stage, metastasis and endpoint definitions are different. This may result in a possible discrepancy among studies (Supplementary Table S2). Last but not the least, physicians tended to choose chemotherapy rather than NHT for patients with more advanced disease or who had already received NHT as immediate prior therapy, and AR-V7 positivity was associated with highly aggressive prostate cancer and tumor burden: this may confound the results and generate bias. Therefore, AR-V7 was not extensively and sufficiently studied in prostate cancer.

We attempted to minimize these limitations. First, we performed a comprehensive systematic literature search on major online databases with a reproducible strategy to minimize publication bias. Second, although selection bias could not be eliminated, strict inclusion criteria were applied to minimize bias caused by different AR-V7 test assays, treatment response definition, and therapy history. Third, a subgroup analysis was performed according to different therapies and it was reported that the correlation between AR-V7 and therapy outcomes was consistent across the subgroup stratified by NHT and chemotherapy. Fourth, the type of trial, tumor stage, AR-V7 test assay, therapy strategy, prior-treatment PSA, and surveillance time are detailed in tables for further analysis and reference. Biomarkers that provide accurate prognostic information for CRPC are urgently required. Several randomized clinical trials (RCTs) have indicated the benefits of early inclusion of docetaxel to androgen deprivation therapy in hormone-sensitive metastatic prostate cancer (54–57). Besides, in mCRPC, clinical data favored taxane over NHT in the second-line treatment setting for the optimal patient benefit (58). Recent research reported that novel taxane-based combination therapies potentially improve outcomes (49). However, validated biomarkers are desired for selecting suitable patients due to the risk of enhanced toxicity. Various prognostic markers have been identified for CRPC (59) but none can be applied in selecting a treatment strategy. This meta-analysis suggested that AR-V7 may be a potential therapeutic target and prognostic biomarker in CRPC patients. There is an urgent need for more prospective trials to verify the utility of AR-V7 as a biomarker in CRPC. Additionally, researches on biomarker-driven or biomarker-stratified clinical trials are required to improve AR-V7 evaluation following the findings from this meta-analysis.



Conclusion

The significant prognostic value of AR-V7 in CRPC patients treated with NHT or chemotherapy was determined in this meta-analysis. The AR-V7 expression significantly increased after NHT but remarkably decreased after chemotherapy. Moreover, AR-V7 positive CRPC patients portend worse prognosis of NHT with a lower therapy response, poorer PFS, and OS. Besides, for chemotherapy, AR-V7 positive patients acquired fewer benefits of prognosis with a lower PSA response, shorter OS, and a nearly significantly worse PFS. Based on these results, AR-V7-positive CRPC should be considered as a specific subtype with a worse prognosis and be treated with a highly active anti-tumor therapy. Furthermore, the AR-V7 status should be consistently monitored and AR-V7 targeted therapy strategies are needed. However, cross-institutional studies are still needed to validate AR-V7 as a selection treatment marker. Future studies should aim to improve AR-V7 detection to validate the clinical utility in CRPC.
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